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Industry, science* exploration and even tourism ail have their sights on outer space. 
The only catch is getting there. Today’s launch vehicles and spacecraft are too expen¬ 
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some of the most exciting new concepts in space transport now being planned and 
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Supersoft X-ray Stars and Supemovae 

Peter Kababka, Edward F. /. van den Heuvel and 
Saul A. Rapp apart 

Oddly low energy x-rays from space can be traced 
back to stellar systems where white dwarfs orbit 
larger, more ordinary stars. The white dwarfs ap¬ 
pear to cannibalize their siblings and then, when 
full to bursting, explode as type la supemovae. 
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High blood pressure is the leading cause of health 
problems among black Americans. Yet inhabitants 
of western Africa have among the lowest rates of hy¬ 
pertension anywhere. Preconceptions about race dis¬ 
tort understanding of this ailment. 
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These beautiful fish evolve at a dizzying pace- 
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lakes, and many of them seem to have emerged al¬ 
most overnight. But now human use of these envi¬ 
ronments threatens to exterminate these living lab¬ 
oratories for evolutionary studies. 
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How Limbs Develop 

Robert D. Riddle and Clifford }. Tabin 

Tiny buds of almost featureless tissue on embryos 
organize themselves into the complex structures of 
arms, legs, wings and fins. Ceils within these buds 
orient the growth of digits and bones by establishing 
trails of signal molecules. These discoveries have im¬ 
plications for both birth defects and cancer. 
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From the Editors 


Worm Gets the Early Bird 


Y ea, the stars are not pure in his sight," reads the Book of Job, 
“How much less man, that is a worm?” Typical. As Bartletfs Fa¬ 
miliar Quotations will attest, worms are the most famously low 
vermin in literature. People are usually the writers’ real targets, but worms 
take the rhetorical beating. Jonathan Edwards, for instance, invoked them 
to rail, “A little, wretched, despicable creature; a worm, a mere nothing, 
and less than nothing; a vile insect that has risen up in contempt against 
the majesty of Heaven and earth." Worms are the acme of insignificance. 

And yet biologists love them. Granted, researchers’ affection falls main¬ 
ly on the roundworm Caenorhabditis elegans, an inoffensive microscopic 
beastie. As I write this, John E. Sulston of the Sanger Center in England 
and Robert H. Waterston of Washington University have only just pub¬ 
lished the complete genetic sequence for C. elegans . For the first time, sci¬ 
ence knows ail the genetic information that makes up a multicellular ani¬ 
mal. That brilliant accomplishment foretells the completion of the Human 
Genome Project just a few years from now, when we will similarly know 
all the genes of humans. 

Bruce Alberts, the president 
of the National Academy of 
Sciences, quotably remarked to 
the New York Times, “In the 
last 10 years we have come to 
realize humans arc more like 
worms than we ever imag¬ 
ined." (He meant this genomic 
work, not the rise of the Jerry 
Springer Show.) We and the 
worms share many of the same 
genes—and why not? By and 
large, we’re made of the same 
proteinaceous stuff. The differ¬ 
ences mostly reflect proportion 
and organization, 

T he great mystery is how 
that DNA directs develop¬ 
ment, telling one cell how to 
grow into a well-formed crea¬ 
ture of differentiated tissues. G. 

elegans furthers that pursuit, too, hut only so far. Past that, we need to 
turn to other creatures and other methods. 

Roundworms are ill equipped, for example, to teach us how limbs de¬ 
velop—and not merely because they don’t have feet. Rather C. elegans 
lacks even some of the ancient genes that evolution later co-opted for 
building vertebrate fins, legs, wings and arms. Chick embryos are better 
choices: they are easily manipulated and anatomical cousins to humans. 
Robert D. Riddle and Clifford J. Tabin bring us up to date in “How 
Limbs Develop," beginning on page 54. 



CHICK EMBRYO 
holds dues to development 
that worms cannot 
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SUM FILMS 


LETTERS TO THE EDITORS 


T he award for most curious letter of the month goes to Bernard S. Hus¬ 
bands of Camano Island, Wash. After reading "Secrets of the Slime Hag " 
by Frederic H. Martini [October 1998], Husbands wondered, "'How suitable 
would slime be in fighting fires? Could hagfish be 'milked 1 for their slime-pro¬ 
ducing agent?" When consulted for more information, Martini pointed out 
that because at least 99 percent of the slime is water, "it'd be a lot easier just to 
pour water on the fire in the first place and skip the part about the hagfish," 
As to milking hagfish, he says "because handling the animals is extremely 
stressful for all involved and a massive sliming leaves the critter moribund if 
not doomed I doubt that slime dairies will ever be a growth industry." 

The most impassioned letters were in response to the October special re¬ 
port "Computer Security and the Internet/' In particular, Carolyn P. Meinei's ar¬ 
ticle "How Hackers Break In... and How They Are Caught" prompted an array 
of responses from people throughout the computer security community. 
Some readers questioned Meinei's qualifications to write the article; others 
found the piece right on target (below). 


HACKERS VERSUS CRACKERS 


I n the October 1998 special report on 
computer security, die term “hacker” 
was used incorrectly* You stated that 
hackers are malicious computer security 
burglars, which is not the correct mean¬ 
ing of “hacker” at all. The correct term 
for such a person is “cracker.” Hackers 
are the expert programmers who engi¬ 
neered die Internet, wrote C and UNIX 
and made the World Wide Web work. 
Please show more respect for hackers in 
the future. Further information about 
this distinction can be found at the 
Hacker Anti-Defamation League's site at 
http://memliers.xoom.coni/jcenters/ on the 
World Wide Web. 

JOSH CENTERS 

via e-mail 



A CLOSER LOOK: 

Are you a backer ora cracker? 


Scientific American February 1999 


Editors 5 note: 

We agree that there is indeed a differ¬ 
ence between “hacker” and “cracker,” 
but the mainstream media has used 
“hacker” to encompass both. We did, 
however, try to draw a distinction by 
using the term “white-hat hacker.” Part 
of the problem with “cracker” is that 
the word has been used disparagingly 
in the past to refer to a poor, white per¬ 
son from the South, 

MIXED REVIEWS 

Asa computer security professional 
with many years 5 experience in 
both public and private industry, 1 was 
extremely disturbed to see that you 
published an article by Carolyn R 
Meinel in your October issue [“How 
Hackers Break In ... and How They 
Are Caught”]. Meinel has absolutely 
no credibility in the computer security 
community. She does not have the tech¬ 
nical awareness to he considered know¬ 
ledgeable, nor is she in any stretch of 
the imagination considered an expert in 
the field. 

Her article probably gave CEOs a 
fairly good sense of how insecure their 
networks might be, but 1 shudder to 
think that companies looking to jump 
on the computer security bandwagon 
will now be using her article as a tech¬ 
nical reference. 

CHEY COBB 
via e-mail 


I just wanted to thank you for MeinePs 
excellent article. It was informative for 
less technically literate readers but accu¬ 
rate, so as to not curl any fingernails 
among us geeks. It is a pleasure to see 
real information about computer security 
in this day of media-friendly fantasies. 

ELIZABETH OLSON 

via e-mail 


ANEWY2KBUG 

I n response to Wendy R. Grossman's 
Cyber View, “Y2K: The End of the 
World as Wc Know It,” in the October 
issue: Perha ps the biggest problem of all 
will be getting used to writing 2000. I've 
been doing 19XX my whole life—50 
years—and that’s going to be a very hard 
habit to break. 

WILLIAM CARLQUIST 

Nevada City, Calif. 

THE NAME GAME 

W e have serious concerns about 
“The Artistry of Microorgan¬ 
isms,” by Eshcl Bcn-Jacob and Herbert 
Levine [October], The bacteria pictured 
on page 58 are not Bacillus subtilis as the 
authors indicate. We have recently 
shown that a number of the bacterial 
strains once thought to be B. subtilis in¬ 
stead belong to a different group of bacil¬ 
li, which differ significantly in their pat¬ 
tern formation properties. These species 
have the ability to form complex patterns 
on very hard agar surfaces, whereas B. 
subtilis and its close relatives do not. Ben- 
Jacob provided us with a sample of the 
bacteria shown in the inset on page 58; 
wc found it to be an unidentified species, 
which we named B. vortex. 

The larger picture appearing on that 
page is yet another species, which we 
named B. tip chirales. It is perplexing to 
us that Ben-Jacob is w r ell aware of our 
recent findings, has confirmed our re- 
suits hut is nonetheless publishing with 
his colleagues their own characteriza¬ 
tion of die species, 

RIVKA RUDNER 
Department of Biology 
Hunter College 
ERICH D, JARVIS 
Department of Neurobiology 
Duke University Medical Center 

Letters to the Editors 










Ben-Jacob and Levine reply: 

Although they were isolated from 
cultures of Bacillus subtilis, certain bac¬ 
teria shown in our article went uniden¬ 
tified for several years. Only very re¬ 
cently (in fact, after the article was writ¬ 
ten), physiological and generic studies 
carried out by Ben-Jacob and David 
Gutniek identified these bacteria as 
members of the new Faenibacillus gen¬ 
era. The researchers named these spe¬ 
cies P. dendritiformis (shown on the 
cover and in the large photograph on 
page 58), and P. vortex (shown in the 
inset photograph on page 58). Rudner 
and Jarvis are therefore correct that 
these colonies are not B. subtilis but 
wrong in detail as far as identification 
and attribution are concerned. Clearly, 
though, none of this affects the focus 
and conclusions of our article, namely, 
that microorganisms can engage in so¬ 
phisticated cooperative and adaptive 
behavior, leading to intricate and in¬ 
deed beautiful spatial patterns. 

OUNCE OF PREVENTION... 

I read “Designer Estrogens,” by V. 

Craig Jordan [October], with great in¬ 
terest. It is comforting to know that the 
topic of estrogen replacement therapies 
for the treatment of osteoporosis, heart 
disease, and breast and endometrial can¬ 
cers in women is being so actively and 
aggressively researched. We should not, 
however, in our desire to have a cure in 
the form of a pill forget the importance 
of simple things like exercise, calcium in¬ 
take and diet in the prevention of these 
problems. 

LAUREN SLOANE 
Maeungie, Pa. 

letters to the editors should be sent by 
e-mail to editors@saam, com or by post 
to Scientific American , 415 Madison 
Ave. y Netv York, NY 1001 7. Letters may 
be edited for length and clarity. 


ERRATUM 

In the Further Readings for “Evolu¬ 
tion and the Origins of Disease” 
[November 1998], the publisher of 
Darwinian Psychiatry>, by M. T. 
McGuire and A. Troisi, was misiden- 
tified. The correct publisher is Oxford 
University Press. We regret the error. 
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NEW SUPERCOMPUTER TO POWER 
AEROSPACE R&D IN FRANCE 


EC will deliver the latest 
high-end model in its SX 
Series of supercomputers To 
the ONERA (Office National d'Etudes 
et de Recherches Aerospatiales) in 
August 1999. ONERA, the French 
aerospace research agency, is in¬ 
volved in all major French and Euro¬ 
pean aerospace programs, including 
Concorde, Airbus and Ariane rockets. 

Researchers at the agency will find 


that the SX-5/16A is a leading-edge 
supercomputer. The ONERA super¬ 
computer features a peak performance 
of 128 gigaflops (billion floating-point 
operations per second) using 10 CPUs 
and 64 gigabytes of main memory. 

The SX-5 supercomputer offers more 
than 20 times the performance of the 
system now in use at ONERA. 

The SX-5 Series is NEC's newest 
and most powerful family of super¬ 


computers. It continues the success of 
the SX-4 Series by making the benefits 
of supercomputing even more afford¬ 
able while surpassing former limits on 
performance. 

Hie SX-5 Series includes models 
with peak vector performance that 
ranges from 32 gigaflops (4 CPUs, 
single node) to 4 teraflops (512 CPUs, 
32 nudes). 

Seven orders have been placed 
for SX-5 supercomputers in the four 
months since the series debuted in 
June 1998. The SX-4 Series was Intro¬ 
duced in November 1994 and aggre¬ 
gate orders now total 118 systems. 



For further information, ofease contact: 

NEC Europe Ltd. Tel: +49 89 96274 274 , Fax: +49 89 96 274 567 
Visit our web site: http2/www, nec-global, com/ne wscope/ 



















Updates on the scope and depth of NEC technologies 


MULTIMEDIA 
HOME NETWORK 
ADAPTERS 


W hen audio/video sets go 
digital and hook up with 
PCs, well-connected con¬ 
sumers will want broadband LANs for 
the home. NEC has developed a series 
of network adapters that can transmit 
multimedia data via optical fibers, me¬ 
tallic cables or infrared wireless. 

Our new network adapters are 
based on the IEEE1394 high-speed se¬ 
rial interface and the draft specs of the 
long-distance version of this standard. 

Our PF200 adapter transmits multi¬ 
media data at up to 250Mbps over a 
distance of 50m using plastic optical 
fiber (POP) or 100m with hard polymer 
dad fiber. POF is ideal for multimedia 
home networks because it costs no 
more than copper cables. It is also im¬ 
mune to electromagnetic noise and 
easy to install in the field. 

For home networks utilizing back¬ 
bone lines of a large building, our 
GF200 adapter transmits at up to 
250Mbps for 500m via glass optical 
fiber. If consumers want a metallic- 
cable Ethernet for the home, ourTPlOO 
adapter transmits at up to 125Mbps for 
100m via category 5 twisted-pair cables. 
Our IFS100 adapter eliminates the 
maze of wires and connections found 
in most home entertainment centers. 

It forms a 125Mbps infrared wireless 
link over a distance up to 7m. 


Windows is a registered trademark oFMnmjsoft CorporaCwn in Lhe J/jij'PkJ 
5ra ties and/or offrur qmwfirjfift 2feirrt>ys. HOWM, rn'm-r tombM* ;t.nd 
RtMM are either registered tratfemarks orUmcfemsrte of flamhus Inc -AW 
ether trsdenwrks sre the property nf their respective owners. 


Number 170 



MobilePro™ 750C- 
LARG E KEYBOARD 
8" COLOR DISPLAY 

O ur MobilePro 750C H/PC 
combines handheld con¬ 
venience with outstanding 
usability and high performance. 

It's the ideal tool for professionals who 
want to work smart and travel light. 

The 750.C sets a new standard 
for H/PC usability. 

Featuring the 
largest keyboard 
of any Windows® 

CE 2.0 unit, our 
system is designed 
for quick, accurate 
touch-typing. 

To enhance readabil¬ 
ity, we've added a vivid, 

8-inch, 256-color, 640 x 


240-resolution display. 

The MobilePro 750C offers robust 
performance and low power con¬ 
sumption with NEC's own Vr 4111 
64-bit 80MHz RISC processor. Loaded 
with essential business software, our 
H/PC puts e-mail, business appli¬ 
cations, contact files and other vital 
information literally at your fingertips. 

The 750C offers an array of built-in 
functions, including a 33.6kbps mo¬ 
dem and a VGA-out port for display of 
_ PowerPoint presentations 
on an external monitor. 
The MobilePro 
750C includes a re¬ 
chargeable lithium- 
ion battery that 
provides up to 
eight hours 
of con¬ 
tinuous 

operation. It mea¬ 
sures 9,6" W x 5,4" D x 
1,4" H, and only weighs L881bs« 


NEW DRAMs FOR TOMORROW'S PCs 


he high-end PCs of tomorrow 
will handle huge volumes of 
multimedia data. They'll incor¬ 
porate faster processors and a new 
kind of high-speed memory called 
Direct Rambus 1 " DRAM fRDRAM®). 

NEC has started sampling 72Mb 
Direct RDRAMs and 64MB/128MB 
MMMs r " (Rambus® .In-line Memory 
Modules). Implemented with a 0.22-mi¬ 
cron CMOS process, the 72Mb device 
transfers data at up to T6 gigabytes/ 


sec during 800MHz/2.5V operation. 
This data transfer rate is more than 
twice as fast as today's PC-lOG-com- 
patible Synchronous DRAM DIMM, 
Our 72Mb Direct RDRAM has a 
256K x 18b x 16-bank organization and 
offers 4-way bank-interteave opera¬ 
tion. it comes in a 74-pin, die-dimen¬ 
sion ball grid array package. Our new 
chip-scale package is 70% smaller than 
a 5^pin TSOPII and provides excellent 
high-frequency characteristics. 



just imagine 

NEC MULTIMEDIA 























50, 100 AND 150 YEARS AGO 



FEBRUARY 1949 

RESEARCH MONEY— “The Office of Naval Research to¬ 
day is the principal supporter of fundamental research by U.S, 
scientists. Its 1,131 projects account for nearly 40 percent of 
the nations total expenditure in pure science. Most surpris¬ 
ing of all has been ONR’s ardent and unflagging fidelity to 
the principle of supporting research of the most fundamental 
nature, although many of its projects, of course, are likely to 
lead to more immediate naval applications. The GNR has pi¬ 
oneered so fruitfully in the support of basic science that it 
stands as a model for the planned National Science Founda¬ 
tion, which is now regarded as 'imminent.' 55 

ROCKET PLAN— “A new rocket specifically designed for re- 
search in the upper atmosphere has been successful in flight 
tests at the White Sands, N.M., proving ground. Named the 
Aerobee, it has carried up to 250 pounds of scientific equip¬ 
ment to heights of 70 miles. It is the first large high-altitude 
rocket of American design, and was developed at Johns Hop¬ 
kins University under Navy sponsorship to take the place of 
the dwindling supply of captured German V-2s. Although it 
does not have the range of the V-2, it is a more practical and 
less expensive instrument. The Aerobee 
is nearly 19 feet long and very slender. . 

It has no guiding mechanism; its course 
is set on the launching platform.” 

ATOMIC CLOCK— “The first clock 


absorb or assimilate the whole of the animal substance, the fun¬ 
gus growth being an exact replica of the living caterpillar. The 
fungi, having killed the grub, sends up a shoot or seed stem; its 
lower portion retains its vitality and sends up another shoot die 
following year,— C Fitton, New Zealand” 

ADVANCED TOOLS FOR ARCHAEOLOGY— “In a lecture 
by Flinders Petrie, entitled ‘ Photography, the Handmaid of Ex¬ 
ploration, 5 he showed to what an enormous extent exploration 
has been aided by photography. Especially in Egypt the success 
of photography is very great, owing to the splendid atmospher¬ 
ic conditions and fine sunlight which prevail in that country. 
With the aid of the camera not only can the actual finds lie pho¬ 
tographed, but the exact condition of the objects in situ can be 
recorded. Nowadays all explorers go equipped with the best 
photographic apparatus which money can purchase,” 

SKATE SAILING— “The home of skate sailing is Norway, 
the land of fjords, mountains, and lakes. In order to sail in 
the Norwegian fashion, two long skates and a sail rigged to a 
bamboo pole are required [see illustration]. The sail is simple 
in construction, but requires great dexterity in handling, and 
is directed by a steering cord in the left 
hand. On the great fjords of Norway, 
Sognefjord, for example, 100 kilo¬ 
meters (62 miles) can he covered in a 
comparatively short time.” 


in history to be regulated by the spin 
of a molecule instead of by the sun or 
stars is now a ticking reality. It was 
unveiled at the National Bureau of 
Standards. The clock is conrrolled by 
the period of vibration of the nitrogen 
atom in the ammonia molecule,” 

FEBRUARY 1899 

PANAMA CANAL— “The new Canal 
project is on a sound engineering and 
financial footing and is within a cal¬ 
culable distance of completion. The new 
company decided at the outset to aban¬ 
don Ferdinand dc Lesscps 5 extravagant 
idea of a sea-level canal and substimte a 
system of locks and suitable reservoirs. 
The canal is at present two-fifths com¬ 
pleted, and the cost to complete the work 
under the new plans will be $87,000,000 
over the next eight to ten years. 55 



Norwegian skate sailing 


VEGETABLE CATERPILLAR— “The grub, the larva of a large 
moth commonly called ‘the night butterfly,' is subject to attacks 
from a vegetable parasite, or fungi, called Sphaeria Robertsii. 
The spores of the fungi, germinating in the body of die grub. 


FEBRUARY 1849 

NEW WHALING GROUND -“We 
learn that Capt, Royce, an American, of 
Sag Harbor, L.l„ has just arrived with 
1,800 barrels of oil which he took in the 
Arctic Ocean above Behring Straits. He 
found the seas clear of ice, plenty of 
Whales, and one a new kind. He found 
the ocean there very shallow, 14 to 35 
fathoms, and he saw Indians crossing in 
their canoes regularly from Asia to the 
American continent. There can be no 
doubt but the two were once united. 
Some interesting discoveries are yet to be 
. made in that region,” 

WORLD WIDE WIRE— “Dr, Jones, of 
this city, proposes to run telegraph wires 
from St. Louis, Missouri, with a branch 
to Behring’s Straits, where the wires 
should cross to the Asiatic side, and pro¬ 
ceed through Siberia to St. Petersburg, 
and the principal cities of Europe, In such a project, the gov¬ 
ernments of Europe, Russia at least, will not be likely to 
engage—the language of freedom would too often travel along 
the iron wings to suit the policy of a one man government.” 
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IN FOCUS 

PRETESTING TUMORS 

Long derided, test-tube screening 
for cancer-drug sensitivity slowly 
gains acceptance 

O n January 22, 1997, doctors diagnosed 40-year- 
old Randy Stein with pancreatic cancer and told 
him he had three months to live* Two years lat¬ 
er, Stein is working out with a trainer twice a week, planning 
his next vacation and launching an Internet business to help 
cancer patients, “Fm doing fabulous,” he declares, “It’s a 
miracle.” He beat the odds, he says, because his doctor used 
a test aimed at predicting which drugs would kill his tumor— 
a test most oncologists don’t order. 

Conventionally, oncologists rely on clinical trials in choos- 
ing chemotherapy regimens. But the statistical results of these 
population-based studies might not apply to an individual 
For many cancers, especially after a relapse, more than one 
standard treatment exists. “There is rarely a situation where 
you would get everyone to agree that there’s only one form 
of therapy,” says Larry Weisenthal, who runs Weisenthal 
Cancer Group, a private cancer-drug-testing laboratory in 
Huntington Beach, Calif. Physicians select drugs based on 
their personal experience, possible side effects and the pa¬ 
tient’s condition, among other factors. “The system is over¬ 
loaded with drugs and underloaded with wisdom and exper¬ 
tise for using them,” asserts David S. Alberts, director of pre¬ 
vention and control at the University of Arizona cancer 
center. 

Given Stein’s particularly poor prognosis and limited treat- 



ENJOYING COMPLETE REMISSION, 
Randy Stein apparently benefited from 
a controversial chemosensitimty test 


mem options, his physician decided to look for drugs that 
might have a better chance of helping him than the “stan¬ 
dard” regimens. So surgeons sent a part of his tumor to 
Weisenthal, who along with other researchers has developed 
a handful of techniques for assessing cancer “response” in 


News amt Analysis 


Scientific American February 1999 11 


,=AMES ARDNDV5KY luma 





















the test tube. They grow tumor 
cells in the presence of different 
drugs and assess whether the drugs 
kill the cells or inhibit their growth. 

This idea of assaying cancer cells 
for drug sensitivity has been 
around since the 1950s. A 1970s 
technique sparked considerable en¬ 
thusiasm until studies revealed nu¬ 
merous problems: fewer than 50 
percent of tumors grew even with 
no drugs present, for example, and 
it took weeks to generate results. 

“The rank-and-file oncologists 
threw out the whole idea after the 
[1970s] assay proved to be a bust,” 
says Dwight McKee, a medical on¬ 
cologist in Kalispdl, Mont., adding 
that they equate all cancer-drug re¬ 
sponse tests with failure. Research¬ 
ers have since improved the assays 
and can now obtain results in sev¬ 
eral days for many cancers. 

[f a drug allows cancer cells to 
grow in the test tube, even at exposure levels toxic to humans, 
chances are very good that it won't thwart the tumor in the 
body, according to John P. Fruchauf, medical director of On- 
cotech, another cancer-drug-testing laboratory, in Irvine, Calif, 
The idea is that physicians could rule out those treatments, and 
patients could avoid side effects from ineffective agents. “Cur¬ 
rent ways of treating people are almost barbaric compared with 
what this test can do,” states Robert Fine, director of the exper¬ 
imental therapeutics program at Columbia University. 

Such tests also provide information that enables physicians to 
devise unconventional therapies, emphasize Weisenthal and 
Robert A. Nagoumey, medical director of Rational Therapeu¬ 
tics, a drug-testing company in Long Beach, Calif. In Randy 
Stein’s case, for example, Weisenthal suggested a drug combina¬ 
tion not routinely used for pancreatic cancer. In other cases, 
Weisenthal and Nagoumey abandon standard therapies entire¬ 
ly. Several dozen studies, most of which measured tumor 
shrinkage, have suggested that “patients treated with drugs that 
killed cells in the assay do better than patients in the overall 
population and much better than those treated with ‘assay- 
resistant' drugs,” Weisenthal says. 

But many physicians aren't convinced of the tests' utility, in 
part because for many cancers, they more accurately predict 
what won't work rather than what will. Four of the five oncol¬ 
ogists Stein consulted advised him against having them done. 
“They said, ‘Things react differently in the human body than 
they do in the test tube,'” Stein recalls. Indeed, the tests do not 
mimic many aspects of human biology—drug delivery by the 
bloodstream, for example. “I'm thrilled for Randy, but what's 
to say that the assay significantly affected his treatment course 
or outcome?” points out Lee S. Rosen of the University of Cali¬ 
fornia at Los Angeles jonsson Comprehensive Cancer Center, 
one of the oncologists who advised Stein against the tests. 
“Maybe his tumor would have been sensitive to every single 
drug.” Furthermore, some oncologists are wary of replacing 
therapies that have been tested in clinical trials with those cho¬ 
sen by assays that scientists have not yet thoroughly studied. 

Still, some physicians are beginning to be swayed. “I was 
much more skeptical five years ago,” says Lawrence Wagman, 


a surgeon at the City of Hope can¬ 
cer center near Los Angeles, who 
removed Stein's tumor sample. 
“Randy’s had a dramatic, unantici¬ 
pated response with drugs that 
wouldn’t have been chosen with¬ 
out the assay.” Although it’s not 
scientific, he remarks, “it forces me 
to wonder whether the tests might 
benefit many more patients.” 

A formal answer to that ques¬ 
tion awaits results from large 
prospective trials in which survival, 
not just tumor shrinkage, will be 
I measured. “Unless you have a ran- 
| domized trial showing that a par- 
s ticular assay is superior to what a 
§ clinician can do without it, you 
have the possibility of taking away 
standard therapy from someone 
who might respond,” says Daniel 
D. Von Hoff, an oncologist at the 
Cancer Therapy and Research 
Center and the University of Texas 
Health Science Center at San Antonio. Von Hoff spearheaded 
improvements and clinical tests of the original assays and now 
relies on them predominantly to identify new drugs worthy of 
study. Private lab test practitioners claim they have historically 
lacked sufficient support from national oncology organizations 
and other institutions to carry out large trials, although recendy 
they and some academic groups have managed to initiate a 
handful of clinical trials in the U.S., Britain and parts of Europe. 
Like previous trials, however, the number of patients will he 
sufficient to detect only large differences in survival. 

Although workers in the field say they are eager to participate 
in such studies, some note that the demand for them by some 
oncologists is unprecedented for laboratory tests. No one has 
compared treatment for bacterial diseases based on antibiotic 
sensitivity rests with treatment administered without the sensi¬ 
tivity knowledge, Alberts says. In fact, most researchers would 
consider such a trial unethical, because some patients would re¬ 
ceive antibiotics not necessarily appropriate for their infections. 
“Why are we holding the bar higher for [cancer] tests?” he asks. 

Even before results come out, two federal administrative law 
judges in California have given drug prescreening a vote of 
confidence. A national policy excludes the 1970s version of the 
test from Medicare reimbursement. But last spring the judges 
ruled that the contemporary methods are different and have not 
been experimental as of the end of 1996. Since that decision, 
the Medicare intermediary in those cases has denied subsequent 
claims; Gncotech and Weisenthal are filing appeals. 

A revised national policy might eventually take the issue out 
of the hands of Medicare intermediaries. “We're reexamining 
the current noncoverage policy and are developing a draft poli¬ 
cy so we can get comment from the medical community,” com¬ 
ments Grant Bagley of the Health Care Financing Administra¬ 
tion in Baltimore. “The existing medical evidence suggests diat 
the tests are not experimental and may be medically reasonable 
and necessary in at least some situations. The question is under 
what circumstances we should pay for it.” —Evelyn Strauss 

EVELYN STRAUSS, a Ph.D, biologist turned science writer, 
freelances from Berkeley, Calif. 



CANCER CELLS FROM STEIN S PANCREAS 
stain red, and dead cells blue . No meaningful effect 
occurred when die cells uwre exposed to the drug gem- 
citabine (top). But adding c isfda tin killed tnatty cells 
and increased the amount of cellular debris (bottom). 
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TAMING MAXWELL’S 
DEMON 

Random molecular motions 
can be put to good use 

B uilding a miniature machine is 
not as simple as scaling down 
the parts. For one, tlie inherent 
chaos of the micro world tends to over¬ 
whelm any concerted motion. But what 
if a motor could w ork with the disorder, 
rather than against it? The recent fabrica¬ 
tion of nanometer-size wheels brings this 
vision even closer to fruition. 

On the face of it, seeking useful power 
in random molecular motions seems to 
repeat the mistake of Maxwell’s demon, 
a litde device or hypothetical creature 
that tries to wring regularity out of the 
randomness by picking and choosing 
among the motions. One incarnation of 
the demon, devised by the late Richard 
Feynman, is a ratcheted gear attached to 
a microscopic propeller. As fluid mole¬ 
cules buffet the propeller, some push it 
clockwise, others counterclockwise—a 
jittering known as Brownian motion. Yet 
the ratchet allows, say, only clockwise 
motion, Voila, a perpetual-motion ma¬ 


chine: the heat represented by molecular 
tumult is turned into consistent clockwise 
rotation without any loss. (Feynman pro¬ 
posed to use it to lift fleas.) 

But no demon or mortal has ever chal¬ 
lenged the second law of thermodynam¬ 
ics and won. According to the law, one of 
the most subtle in physics, any increase in 
the order of the system—as would occur 
if the gear turned only one way—must be 
overcompensated by a decrease in the or¬ 
der of the demon. In the case of the 
ratcheted gear, the catch is the catch. As 
Feynman argued, the ratchet mechanism 
itself is subject to thermal vibrations. 
Some push up die spring and allow the 
gear to jiggle out of its locked position. 
Because the gear teeth arc skewed, it 
takes only a tiny jiggle to go counter¬ 
clockwise by one tooth, and a larger (and 
less probable) jiggle to go clockwise. So 
when the pawl dicks back into place, the 
wheel is more likely to have shifted coun¬ 
terclockwise. Meanwhile the sudden jerk 
of the propeller as the ratchet reengages 
dumps heat back into the fluid. The up¬ 
shot: no net motion or heat extraction. 

In 1997 T. Ross Kelly, Jose Perez Ses- 
telo and Imanol Tellitu of Boston College 
synthesized the first molecular ratchet. 
The propeller has three blades, each a 
benzene ring, that also act as the gear 
teeth. A row of four benzene rings—the 
pawl—sits in between two of the blades, 
and the propeller cannot turn 
without pushing it aside. Because 
of a twist in die pawl, that is easier 
to do in the clockwise direction 
than counterclockwise. For anoth¬ 
er minipropeller, fashioned by 
James K. Gimzewski of the IBM 
Zurich Research Laboratory and 
his colleagues, the asymmetry is 
provided by the arrangement of 
neighboring molecules. Yet the re¬ 
searchers see their wheels spinning 
equally in both directions, as Feyn¬ 
man’s analysis predicted. 

Nevertheless, the basic idea sug¬ 
gests to theorists a new kind of en¬ 
gine. Instead of directly driving a 
rotor, why not let it jiggle and in¬ 
stead apply power to a ratchet? 
For example, imagine using twee¬ 
zers to engage and disengage die 
microscopic ratchet manually at 
certain intervals. Then die re 
would be net morion counter¬ 
clockwise. The second law stays 



NANOSCALE BROWNIAN MOTOR, 
recendy built as a molecule ( inset), applies power to a 
ratchet and lets random molecular motions turn the rotor. 


happy because the tweezers must exert 
energy to push the pawl back into place. 
In so doing, they restore heat to the fluid. 
In practice, the ratchet could take the 
form of an asymmetric electric field 
turned on or off by light beams or chem¬ 
ical reactions. There is no need to coordi¬ 
nate the moving parts or to exert a net 
force, as with ordinary motors, (A simu¬ 
lation is at monet.physik.unibas.ch/- 
elmer/bm on the World Wide Web.) 

Researchers have increasingly found 
that nature loves a Brownian motor. In 
the case of ion pumps, which push charg¬ 
ed panicles through the membranes of 
cells, the ratchet may he a protein whose 
internal electric field is switched on and 
off by reactions widi ATP, die fuel supply 
of cells. The movement of materials 
along microtubules in cells, the flailing of 
bacterial flagella, the contraction of mus¬ 
cle fibers and the transcription of RNA 
also exploit Brownian motion. 

To turn his rotor into a motor; Kelly is 
trying to attach extra atoms to the pro¬ 
peller blades in order to provoke chemi¬ 
cal reactions and thereby jam the ratchet 
at the appropriate points in the cycle. 
Gimzewski, meanwhile, is using a scan¬ 
ning tunneling microscope to feed in an 
electric current. Because internal friction 
is negligible, these motors could use ener¬ 
gy with nearly 100 percent efficiency. Un¬ 
fortunately, that is not as good as it 
sounds: most of die output is squandered 
by external friction with die fluid. 

One potential application is fine sift¬ 
ing, made possible because particles of 
different sizes are affected by Brownian 
motion to different degrees. In principle, 
a system could sort a continuous stream 
of panicles, whereas current methods 
such as centrifuges or electrophoresis arc 
restricted to discrete batches. Nanofork¬ 
lifts are also possible: a particle—the 
forklift—would wriggle forward, en¬ 
counter a desired molecule and latch on¬ 
to it. F ITie composite, being bigger, would 
experience a different balance of forces 
and be pushed backward. Brownian mo¬ 
tion could even be the basis for a com¬ 
puter, as Charles H. Bennett of IBM ar¬ 
gued in die early 1980s, Such a computer 
would use jiggling to drive signals 
through—reducing voltages and heat dis¬ 
sipation. Brownian motors are one more 
example of how scientists and engineers 
have come to see noise as a friend rather 
than merely a foe. — George Musset 
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Worm Genome Project 
In what is being hailed as a landmark 
achievement, biologists have announced in 
Srience that they have sequenced the com¬ 
plete genetic code of an organism. The ani¬ 
mal, a microscopic roundworm called 
Caenorhabditiselegans, has some 97 million 
chemical units and more than 19,000 

_ genes. Having all the 

information that 
governs the devel¬ 
opment and behav¬ 
ior of the worm 
should shed lighten 
the evolutionary his¬ 
tory of multicellular 
organismsandhelp 
geneticists under¬ 
stand the human genome, which will be 
fully sequenced early next century. 



C. elegans mapped 


Violently Forgetting 
When it comes to pushing soap or glue, it 
may be best to avoid ad vertising during 
kick-boxing matches. Brad J. Busman of 
Iowa State University tested college stu¬ 
dents' recall of brand names, message de¬ 
tails and product appearance in commer¬ 
cials shown during violent and nonviolent 
video dips that viewers found equally en- 
gag i ng. He fou nd th at those who watched 
the violent programming (specifically, 
Karate Kid HI) did not recall the advertisers' 
products as well as those who watched the 
nonviolent dips {Gorillas in the Mist ). The 
reason may be that violent shows leave 
viewers angry- instead of paying attention 
to the commercial message, they may be 
trying to cairn themselves down. The paper 
can be found at www-apa.org/journaIs/ 
xap/xa p44291.html 


Seeing Swirls in Superconductors 
A major hurdle to applications for high- 
temperature superconductors—sub¬ 
stances that carry electricity without resis- 
tanceabove liquid-nitrogen tempera¬ 
tures—is that they generate magnetic 
whirlpool I ike vortices that block the flow of 
current David J. Bishop of Bell Laboratories 
and his colleagues imaged these vortices— 
essentially by sprinkling on the supercon¬ 
ductor iron filings, which become attracted 
to the magnetic vortices. The researchers 
write in Nature that the vortices, like flocks 
of birds, assume patterns depending on the 
current. These patterns may hold the dues 
to maintaining supercurrent flow. 

More "lrt Brief" on page 16 


ECOLOGY 


ATTACK OF 
THE FIRE ANTS 

The insect has spread , 
maiming animals and shifting 
the ecological balance 

F ire ants, aptly named for their 
burning stings, have long been 
an infernal pest in the southern 
U.S., destroying crops, displacing other 
insects and terrorizing small mammals 
and people. The aggressive insects have 
also invaded the Galapagos Islands and 
parts of the South Pacific, including 
New Caledonia and the Solomon Is¬ 
lands. Now scientists fear that one spe¬ 
cies of the ant —Wasmannia auropunc- 
tata —might he wreaking havoc in West 
Africa, possibly blinding elephants 
there. 

Commonly called the little fire ant, 
Wasmanma is a distant relative of 
Solenopsis wagneri (formerly invicta), die 
foreign species that has plagued die south¬ 
ern U.S. It is widely believed that the ants 
have emigrated from their native Central 
and South America mainly through hu¬ 
man commerce, which is why they are 
sometimes referred to as U'amp ants. One 
theory for WasmannkF s recent appear¬ 
ance in Melanesia is that the ants were 
stowaways on ships transporting heavy 
logging equipment from South America 


to other project sites in the Pacific. 

Fire ants have been compared with 
weeds: they tolerate a range of conditions 
and can spread quickly, usurping the lo¬ 
cal environment. In infested areas in the 
U.S,, S. wagneri can make up 99 percent 
of the total ant population, according to 
James K. Wettetet, an entomologist at 
Florida Atlantic University, Also, once 
entrenched, fire ants are extremely 
difficult to dislodge. In the U.S., insecti¬ 
cides such as Dieldrin, which is much 
more toxic than DDT, have failed to 
eradicate the pest. The Department of 
Agriculture is currently studying whether 
to introduce into the country a species of 
Brazilian fly that is a natural parasite of 
5. wagneri . 

Although the ecological ramifications 
of the migration are not entirely known, 
early indications have been frightening. 
On the Galapagos Islands, fire ants eat 
the hatchlings of tortoises. They have 
also attacked the eyes and cloacae of the 
adult reptiles, "it’s rather hideous,” notes 
James P. Gibbs, an environmental scien¬ 
tist at the S.U.N.Y. College of Environ¬ 
mental Science and Forestry in Syracuse. 
In the Solomon Islands, fire ants have re- 
portedly taken over areas where incuba¬ 
tor birds lay their eggs, and locals say the 
insect's venomous stings have blinded 
dogs. “Ids a disaster there..,. When 
these invasive ams come in, they change 
everything,” Wetterer notes. 

Although the exact range of Wasman¬ 
nia in West Africa is unknown, one esti¬ 
mate is that the ant has encroached on 
more than 600 kilometers (375 miles) 
along the coastline and 250 
kilometers inland. Near some 
of these areas in Gabon, vil¬ 
lagers have noticed elephants 
with white, cloudy eyes be¬ 
having strangely, as if they 
were nearly blind. Peter D. 
Walsh, a population ecologist 
with the Wildlife Conserva¬ 
tion Society in Bronx, N.Y., 
speculates that fire ants might 
be the culprit, based on the 
dog problem in the Solomon 
Islands and his personal expe¬ 
rience widi several Gabon 
house cats that lived in a 
home infested with fire ants 
and later developed a similar 
eye malady. 

Ecologists also fear that the 
damage could cascade. In 
New Caledonia, Wasmannia 
has benefited the population 
of scale insects, which pro- 


*7 



WASMANNIA AUROPUNCTATA, 
or “little fire ant” has a big, potent sting. It has 
spread to the Galapagos, South Pacific and Africa. 
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BALDEV-SYGiMA 


duce honeydew on plants. The excess 
honeydew reportedly promotes a fungus 
that covers the plant leaves, altering their 
photosynthesis. Especially troubling is 
that the fire ants appear to have few nat¬ 
ural predators in their new habitats. 
Scientists emphasize, however, that 
most of the evidence of fire ant damage is 
anecdotal and that much work needs to 


NUCLEAR POLICY 


be done before they can draw any con¬ 
clusions, Meanwhile ecologists warn that 
irreversible destruction might already be 
occurring. Says Walsh, who monitors ele¬ 
phants in Gabon: “That's the ironic 
thing. Eve been worried about poaching 
and deforestation, and what could even¬ 
tually kill these huge animals might be 
these tiny ants,” —Alden M, Hay as In 


BLAST FALLOUT 

The antinuclear movement 
takes off in South Asia 

M ahatma Gandhi was mur¬ 
dered twice by Hindu na¬ 
tionalists, remarked an In¬ 
dian scientist: physically in 1948 and 
spiritually in 1 9 98. Now, nine months af¬ 
ter nuclear blasts in India and Pakistan 
set people dancing in the streets last May, 
a dawning awareness of what an atomic 
bomb signifies—the tangible threat of 
nuclear holocaust—is muting the fervor, 
“An evil shadow has been cast on the 
subcontinent,” grimly warns retired ad¬ 
miral L. Ramdas of the Indian navy. 

Because India and Pakistan share a 
border, missiles from either would take 
eight minutes or less to reach major 
cities—leaving no time to decide wh ether 
an incoming device is nuclear or not. 
The danger of retaliating with a nuclear 
weapon, and perhaps inadvertently trig¬ 
gering atomic war, is undeniable, 

Pervez Hoodbhoy, a physicist at 
Quaid-E-Azam University in Islamabad, 
Pakistan, argues that because early- 
warning systems are untenable, India or 


Pakistan can protect their command- 
and-control centers only by distributing 
nuclear-armed aircraft or missiles over 
remote regions and providing local com¬ 
manders with the ability to launch the 
devices. Such dispersal of authority is a 
frightening prospect because, as Ramdas 
points out, “on both sides of the border 
we have people who are irresponsible 
enough to start a war.” M. V. Ramana, 
now at the Center for Energy and Envi¬ 
ronmental Studies at Princeton Univer¬ 
sity, has calculated that a relatively 
small, 15-kiloton device (like the bomb 
dropped on Hiroshima) would kill be¬ 
tween 150,000 and 800,000 people if it 
exploded over Bombay, 

Although such scenarios are dismissed 
by the governments of both nations, 
they are being taken seriously by many 
South Asians. Right after the blasts, a 
poll conducted by the newspaper Times 
of India in several Indian cities found 
that 91 percent of the respondents ap¬ 
proved of the tests. But a similar pod 
conducted in October by The Hindu 
newspaper found that 41 percent of the 
respondents expressed “worry” about 
the May blasts. On August 6, Hiroshi¬ 
ma Day, thousands of antinuclear 
protesters marched in Indian cities and 
hundreds in Pakistani ones. 
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PEOPLE PROTEST ATOMIC WEAl’ONS 
in New Delhi, days after India conducted five nuclear tests on May 11, 1998 . 


Considering 
Japan's 
fondness for 
miniatures, 
our flight 
schedule is 


remarkably 

large. 



JAL offers more flights from Europe to 
Tokyo, Osaka and Nagoya than any other 
airline. We also provide business travellers with 
the huge benefit of evening departures, With 
such a frequent and varied flight schedule 
we re able to give you the broadest choice. 

And of course, no one gives you a bigger 
welcome, or provides such an impressive 
in-flight service In fact when you fly JAL 
Executive Class Seasons the only thing which 
seems too small is the flight time, 

For flight bookings or more information 
call JAl or contact your travel agent, 
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vm w.J fll -eu rope, com 


News and Analysis 


Scientific American February 1999 15 













In Brief, continued frontpage 14 

Muscles from Gene Therapy 
In a study that relied on mice, researchers 
from the University of Pennsylvania Med¬ 
ical Center have used gene therapy to 
treat age-related loss of muscle, which 
can deteriorate by one third In the elder¬ 
ly. To deliverthe gene—aninsulinlike 
growth factor—they used a virus that 
had its disease-causing abilities removed. 
The virus delivered the gene to muscle 
stem cells, which turned into functional 
muscle tissue. Older mice so treated ex¬ 
perienced a 27 percent increase over un¬ 
treated ones, as described in the Decem¬ 
ber 22,1998, issue of Proceedings of the 
National Academy of Sciences USA, 


Tracking Asteroid Killers 
Frank T Kyte of the University of California 
at Los Angeles may have recovered a 
piece of one of the deadliest murder 
weapons even the 10-kilometer-wide (six- 
mile-wide) asteroid that wiped out the di¬ 
nosaurs 65 million years ago. Kyte found 
§ the tiny fossil, about as big as the end of a 
g felt-tip pen, while sifting North Pacific sed- 
I iments that correspond to the time of the 
£ mass extinction* The fossil seems to be re¬ 
lated to bodies from 
the asteroid belt. 
Meanwhile Peter H. 
Schultz of Brown 
University and his 
colleagues describe 
\n Science glassy, 
bubble-filled slabs of 
rock in Argentina 
that formed in the 
rapid heat of an im¬ 
pact ( photograph). 
Schultz thinks a body one kilometer wide 
struck offshore 33 million years ago—just 
before a sudden ocean cooling and the 
disappearance of 36 animal genera. 


Doh! It s Not the Heat 
Climatologists have solved the evapora¬ 
tion paradox, in which apparently less 
water was evaporating globally even 
though more rain was falling (increased 
precipitation is an outcome of a warmer 
earth). Marc B. Parlange of Johns Hopkins 
University and Wi (fried H, Brutsaert of 
Cornell University say researchers had 
not taken into account ambient humidi¬ 
ty and local moisture when measuring 
evaporation (determined from pans of 
water left out on a platform). Once they 
were worked into calculations, the para¬ 
dox disappeared. 

More "in Brief" on page 19 


A good part of the change is owed to 
efforts by a few journalists, scientists 
and others to educate the public about 
nuclear issues. Shortly after the blasts, 
more than 250 Indian scientists signed 
petitions protesting them; another anti¬ 
nuclear petition was signed by almost 
50 retired personnel from the armed 
forces of India and Pakistan, English- 
language newspapers in both countries 
have carried articles pointing out the 
danger—to the owner—of nuclear 
weapons (just maintaining a stockpile 
can be tricky). And some activists have 
received requests to speak in remote vil¬ 
lages, showing that it is not just the elite 
who are concerned about bombs. “Peo¬ 
ple do listen to us,” says A. H. Nayyar 
of Quaid-E-Azam University. “They 
come back and ask questions. They see 
there is sincerity of purpose.” 

The activism can carry a penalty. In 
Pakistan, those speaking out against nu¬ 
clear weapons have been denounced as 
traitors, and in June physicists at the 
Pakistan-India People’s Forum for Peace 
and Democracy were beaten up by Is¬ 
lamic fundamentalists. In India, peace 
activists rallying in Bombay have been 
arrested, and Hindu fundamentalists dts- 


ON CEMETERY POND 

Braving muck and a downpour 
to catch endangered frogs—and 
to help solve a global mystery 

L ast night the first storm of win¬ 
ter hit northern California with 
sudden fierceness, its 90-mile- 
per-hour gusts tearing limbs from trees, 
its inch and a half of downpour collaps¬ 
ing a roof in San Rafael It was just the 
kind of weather to put red-legged frogs in 
a romantic mood. And for that reason, it 
was just the dreary sort of night that 
could drag Gary Fellers away from left¬ 
over Thanksgiving turkey into the boot- 
deep muck of Cemetery Pond. 

Tonight the front still lingers, but it has 
thinned enough to allow a gibbous 
moon, casting colored halos through 
fast-moving clouds, to illuminate our 
short hike into die ranch land of Point 
Reyes National Seashore. Fellers, the 
park scientist, and freelance biologist 
Chris Cor ben rest binoculars atop the 
flashlights protruding from tiieir lips and 


nipted an antinuclear conference in Ban¬ 
galore. One physicist, T. jayaraman of 
the Institute of Mathematical Sciences in 
Madras, was recently threatened with 
disciplinary action for his writings, 
which criticize the role played by India’s 
Department of Atomic Energy in push¬ 
ing for the blasts. A signature campaign 
organized over electronic mail has avert¬ 
ed the hazard to jayaraman for now. 

Although politicians from the Hindu 
nationalist party have toned down their 
hawkish statements somewhat, the al¬ 
tered public climate has so far had little 
effect on governmental policy. Rarrnna 
foresees at best a slowing of the arms 
race: Indian planners, he points out, 
look to the globe in thinking about nu¬ 
clear issues. They believe that as long as 
others have nuclear weapons, they 
should, too. And Pakistan, in turn, 
takes its cues from India. In his view, 
until the superpowers set an example 
by making significant progress in disar- 
mament, the subcontinental situation is 
likely to remain volatile. At least, as Zia 
Mian, a physicist and antinuclear ac¬ 
tivist at Princeton, states, “For the first 
time we have a genuine nuclear debate 
at work.” — Madbusree Mukerjee 


slowly scan the pond. Just above a green 
skin of algae and duckweed and just be¬ 
low thick stands of rushes, tiny green 
gems glitter in the beams. They are the 
eyes of the quarry. 

“Look at them all!” Corben marvels. 
Fellers is also impressed. “It is not unusu¬ 
al to catch only rwo or three frogs in a 
night,” he says. “Last night we got nine, 
and already it looks as if there are at least 
a dozen more out there.” 

Nor so long ago it would have been 
nothing special to see a dozen red-legged 
frogs in a California pond. When, in 
1915 and 1919, zoologists Joseph Grin- 
nell and Tracy Storcr meandered through 
the mountain streams and alpine ponds 
in and around Yosemite National Park, 
they found Rana aurora populations in 
three places. But when Fellers retraced 
the naturalists’ steps in 1992 and 1993, 
red-legged frogs were nowhere to be 
found, even though their habitats still ap¬ 
peared healthy. Three years later i\. auro¬ 
ra was added to the list of endangered 
species. 

Whatever exterminated those squat, 
brown frogs with rosy legs and soft churr 
remains unknown and at large* And it 
now seems to pose a global threat. Fellers 
discovered that all seven species of frog 
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ANTI GRAVITY 

This Is Only a Test 

ecause the vast majority of our 
readers have some experience 
with being in high school, we now pay 
homage to that great tradition that 
brought sweat to the palms of so many: 
the pop quiz. If you are one of those 
amazing devotees of the magazine who 
know its pages inside and out, the fol¬ 
lowing should be fun for you. If 
you're a more 



casual reader, you will 
still have a good time. And if 
you picked up this issue by accident at 
a newsstand, buy it and leave it on your 
cofFee table to impress people. (Televi¬ 
sion star Paul Reiser did it in an episode 
of Mad about You. I do it too, only I don't 
have to buy it. [Editors' note: He does 
now.] Anyway the true/false trivia ques¬ 
tions that follow are based on material 
that appeared in Scientific American in 
1998. 

1, We proudly made it through all of 
1998 without once publishing the word 
"Lewinsky." 

2, We published an article that dis- 
cussed the work of a scientist who had a 
metal nose. 

3, We printed a photograph of a team 
of horses pulling a boat. 

4* We printed a photograph of a boat 
pulling a team of horses. 

5. We ran an x-ray image of a mos¬ 
quito's knee. 


6. We ran an x-ray of a bee's knees. 

Bonus essay question: Why only six 
questions? 

Extra bonus: Why does this quiz on 
1998 appear in February rather than 
January? 

ANSWERS 

1 * Regrettably, this is false. (And now 
we've blown 1999, too.) The word 
"Lewinsky" appears in the November 
issue on page 84. So does a picture of 
Monica, in an article on the history of 
magnetic recording* Linda Tripp, how¬ 
ever, is not pictured, nor does she ap¬ 
pear in the August issue's article on 
lower back pain. 

2. True. The article appears on page 
96 of the July issue, and the noseless 
man in question is the great Danish as¬ 
tronomer Tycho Brahe* So how did he 
smell? Probably pretty bad: daily 
showers were still a few centuries off, 
and there was indeed something 
rotten in Denmark. 

3. True. The photograph appears 
on page 53 of the February issue, 
in an article on Viking longships. 
Horses were put to the task of 
pulling longships over short 
stretches of land between bod¬ 
ies of water* 

4. False. Unless you want to 
be a real stickler for Newton's 
third law. In that case, true, same picture. 

5. True. The phase-contrast x-ray mi¬ 
crograph appears on page 43 of the 
December issue, in the article "Making 
Ultrabrig htX-rays." 

6. False. The bee's knees? Hey, it's 
1999; this magazine no longer em¬ 
ploys such antiquated verbiage, al¬ 
though the column "50, 100 and 150 
Years Ago" still features vestigial usage 
such as "23 skidoo" and "Nobel prize 
for DDT." So, no, there were no bee's 
knees. In an article in the April issue on 
the images seen by early micros- 
copists, however, we do publish a 
view of the head of a louse, on page 
44. Another louse appears in the 
November issue on the bottom of 
page 81, standing in a car, sporting a 
silly little mustache and planning 
world domination. 

Bonus answer: We ran out of space 
for anything more. 

Extra bonus answer: We accuse the 
Y2K bug, thereby laying claim to being 
among the first to blame it for some¬ 
thing that has actually happened. 

-—Steve Mirsky 


and toad diat lived in the Sierras 80 years 
ago had declined precipitously by 1993; 
three species had vanished altogether 
from the survey areas* Similar catas¬ 
trophic collapses have been observed 
over the past decade throughout North 
America, Central America and Australia* 
(As have eerily deformed frogs, but scien¬ 
tists are uncertain whether the declines 
and the mutations are connected*} 
“Biologists are so concerned because 
these frogs are disappearing from our 
largest parks and protected wilder- 
nesses^land that we thought we were 
managing well,” Fellers says. Recently 
toxicologists placed a fungus at the top 
of the list of suspects. But Karen Lips, a 
herpetologist at Southern Illinois Univer¬ 
sity' who has tracked several hog collaps¬ 
es, maintains that “it is doubtful that the 
frogs are dying from the fungus alone*” 
In fact, it seems quite possible that sci¬ 
entists will not figure out what is killing 
die amphibians in time to rescue many 
species from extinction. Progress is slow. 
Fellers, Lips and other field biologists 
concur, because so little is known about 
how many frogs there are and how they 
live* “There are really only a handful of 
scientists in the world who are willing to 
get out into the field to collect the basic 
information we need,” Lips complains, 

1 can believe that as T watch Fellers 
creep around the pond, his beard drip¬ 
ping, his burly form crouched over his 
waders, a net in his hand and a flash¬ 
light in his mouth. Taking care not to 
let the frog see his moon shadow. 
Fellers inches forward, pauses, inches 
closer—and then whips the net down in 
a splash. It conies up full of slimy stuff 
that he pulls out, a handful at a time, 



ONCE ABUNDANT RED-LEGGED FROG, 
now endangered, is examined 
by national pari: scientist Gary Fellers. 
This one appears healthy. 
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until he reaches the frog at the bottom, 
41 Another male,” he sighs and drops 
the chirruping animal into a cloth sack 
tucked into his belt. Catching males is 
relatively easy, because they hang around 
the pond all winter in the hope of getting 
a date, hellers is after the elusive females, 
which visit the pond only briefly to mate 
and then return to—well, to where is 
what the scientist needs to know. 


After almost three hours in the mist 
and the mud. Fellers is happy. His sacks 
are full with 10 male and three female 
red-legged frogs. Point Reyes is probably 
the only place in the world where one 
could catch so many in a night. Back at 
the lab, he measures the frogs, places tags 
underneath their skin and outfits the fe¬ 
males with radio-transmitter belts. Later 
this winter he will track them down and. 


with a little luck and much more work, 
pry a bit further into the secret life of a 
species that is threatened almost every¬ 
where except here. Figuring out why that 
is may take a long time. And it is proba¬ 
bly true, however perverse, that science 
could get more answers and do more for 
the world’s fading amphibians if the 
frogs began dying at Cemetery Pond. 
—W, Wtfyt Gibbs in Point Reyes, Calif 
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Tranquillity, Turmoil and Chaos for International Business 



0CU8A 

■ HAITI 

El GUATEMALA 
□ HONDURAS 
l EL SALVADOR 

■ NICARAGUA 

■ COSTA RICA 

■ PANAMA 


□ HONGKONG 
SINGAPORE 


E.1 


I ISRAEL \T 
0 KUWAIT 

□ QATAR 

□ UNITED ARAB 
EMIRATES 


TURMOIL RATING w 

□LOW d MODERATE IE HIGH ■ VERY HIGH NO DATA 

SOURCE : Politics I Risk Letter, tfoe PRS Group , East Syracuse , N , y. 


W hen the internal affairs of a country reach a certain level 
of tumult, they cease to be a purely domestic problem 
and become a concern to the international business community. 
The PRS Group in East Syracuse, M,Y„ which specializes in political 
and economic intelligence, measures and forecasts domestic tur¬ 
moil based on reports from more than 200 area specialists. Its 
forecasts through May 2000 are shown on the map. 

The term "turmoil" as used by PRS includes large-scale 
protests, general strikes, riots, terrorist acts, guerrilla warfare, wars 
between states and disorder caused by government reaction to 
unrest. It excludes crimes that do not directly affect business, 
such as spousal abuse. The PRS classifies countries into four cate¬ 
gories that measure the risk for international business and do not 
necessarily coincide with impressions from daily news reports. 

"Low" turmoil indicates that violent discontent is unusual. In 
Western-style democracies, that means opposition is expressed 
peacefully; however, in authoritarian regimes, such as those of 
Saudi Arabia, Cuba and Vietnam, force or the threat offeree prin¬ 
cipally keeps order. Repressive regimes also try to mollify oppo¬ 
nents: for instance, Saudi Arabia gives economic rewards to Its 
Shiite minority to discourage anti regime violence. 

A rating of "moderate" turmoil indicates that international 
business is sometimes affected by expressions of discontent The 
US, is given a moderate rating for many reasons, including the 
threat of racial riots (such as those in St. Petersburg, Fla., in 1996), 
terrorist acts (such as the bombing of the federal building in Ok¬ 
lahoma City in 1995), continuing drug-related violence, and at¬ 
tacks on abortion providers. China, also classified as moderate, 
uses the threat offeree to keep order but also prevents unrest by 


trying to keep living standards from plummeting. Russia is 
plagued by crime, which rose fivefold from 1989 to 1997, 

Countries labeled "high" suffer from violence that could seri¬ 
ously affect international business. Included in this group is In¬ 
donesia, which has been plagued by food riots, violent student 
protests, the lynching of ethnic Chinese, and separatist move¬ 
ments. Pakistan is destabilized by conflicts between Sunni and 
Shiite Muslims, ethnic violence, continuing tensions with India 
over Kashmir and threats against U,5. businesspeople, Nigeria 
suffers from severe deterioration of its infrastructure and from vi¬ 
olent conflicts between Muslims and Christians and between 
ethnic groups. Guerrilla groups in Peru still pose a substantial risk 
to stability "Very high" risk of turmoil indicates near-warlike con¬ 
ditions, Of the four countries in this group, three—Colombia, Su¬ 
dan and Congo (Kinshasa)—were at press time contending with 
armed insurrection. The fourth, Haiti, has a government seem¬ 
ingly powerless to stop the high level of violence there. (The PRS 
group lacks data for the former Yugoslav republic, but the 
province of Kosovo would probably also be in this group.) 

Because turmoil springs largely from economic, ethnic, racial 
and religious discrimination, it is not surprising that democra¬ 
cies typically enjoy greater tranquillity than dictatorships. 
Among the few with high ratings are South Africa, which is deal¬ 
ing with millions of unemployed illegal immigrants, and Costa 
Rica, where disturbances have grown because social services 
have deteriorated as a result of inflation and inadequate re¬ 
sources, Although a few repressive governments are likely to 
maintain a low level of turmoil, most such regimes will have 
moderate or high levels, —Rodger Doyle (rdoyle2@aoicom) 
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PROFILE- 

Bones to Pick 

Refusing to take “no” for an answer, the Smithsonian 
Institution's Dennis Stanford has carved out a niche 
as a leader of American archaeology 


} n completing a handshake 
Jf with Dennis Stanford, a visi- 
r -, tor may examine his or her 
digits for breaks. The revelation that 
Stanford used to be able to take the 
lugnuts off a car wheel with his bare 
hands is no shock. What does surprise a 
guest in Stanford’s office near the Wash¬ 
ington Monument is that the barrel- 
chested man in the plaid flannel shirt 
and blue jeans chose an academic career 
over the potentially more lucrative occu¬ 
pation of professional wrestler As chair¬ 
man of the anthropology department at 
the Smithsonian Institution's National 
Museum of Natural History, Stanford’s 


only wrestling is over weighty issues. 

The 55-year-old Stanford also carries 
the titles of curator of North American 
archaeology and director of the muse¬ 
um’s Paleoindian/Paleoecotogy pro¬ 
gram, an interdisciplinary enterprise ex¬ 
amining the history of the first people to 
have populated the Western Hemi¬ 
sphere, The viselike grip comes from 
years of what he calls experimental ar¬ 
chaeology, attempts to re-create and 
work with the stone and bone tools of 
Paieoamericans, Lugnuts, however, are 
only one example of firmly entrenched 
entities he has pried loose. From his be¬ 
ginnings in archaeology as a boy to his 



FLINTY GAZE OF DENNIS STANFORD 
helps him to spot and to re-create Paleolithic technology. 


In Brief, continued from page 16 
Propagating the Species 
Scientists led by YukioTsunoda of Kinkl 
University in Japan have shown that 
cloning could be commercially viable. 
Taking mature cells from a dead cow, they 
produced eight clones (out of 10 em¬ 
bryos). Four clones died for reasons unre¬ 
lated to cloning, but the others are doing 
fine. The technique, described in Science, 
is the same as that which produced 
mouse clones last summer. In other clon¬ 
ing news, biologists in South Korea 
claimed to have initiated cloning of a hu¬ 
man; the embryo reached a four-cell 
stage before the researchers terminated 
the experiment on ethical grounds. Re¬ 
searchers elsewhere are dubious of the 
work, which has yet to be peer-reviewed. 



Thoughtful Gestures 
Jana M. Iverson of Indiana University and 
Susan Goldin-Meadow of the University 
of Chicago found that individuals born 
blind (and who thus have never seen 
anyone gesture) make as many hand mo¬ 
tions in virtually the same ways as sight¬ 
ed people do when speaking; they will 
gesture even when talking to another 
blind person. The movements may facili¬ 
tate the storage and recall of words— 
Iverson also found that adults could recall 
Sylvester and Tweety cartoons better if 
they could move their hands while de¬ 
scribing them. 


The Matter with Antimatter 
An observation at the Fermi National 
Accelerator Laboratory in Batavia, III., 
should help explain why there is more 
matter than antimatter in the universe. 
In Physical Review Letters, Fermi lab 
physicists reported seeing so-called 
charge-parity (CP) violation in B 
mesons. Previously, the violation had 
been seen only in K mesons. Research¬ 
ers should gain a better sense of this 
strange phenomenon when Stanford 
University's B factory goes on-line later 
this year and when Fermilab completes 
a beam upgrade next year [see October 
1998, pag e 5 0]. —Philip Yam 
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recent legal entanglement over the an¬ 
thropological find known as Kennewick 
Man, Stanford will, when necessary, 
force the issue. 

The strong-willed loner aspect of 
Stanford dates back to his grade-school 
days. “My school was across about a 
three-mile stretch of open country,” 
Stanford recalls of his Albuquerque up¬ 
bringing. “And I would walk every day 
and started finding artifacts. And I 
thought it was pretty neat.” He contin¬ 
ued the habit of picking up 
artifacts, fossils and rocks 
as he strolled the Wyoming 
countryside to which his 
family later moved. Anoth¬ 
er of his hubbies was hang¬ 
ing with hobos, with 
whom he occasionally 
shared freight trains; Stan¬ 
ford is among the few 
Americans who have been 
regularly published in peer- 
reviewed journals and who 
have spent a night in jail 
for vagrancy, 

A watershed event in his 
professional development 
was the nearby discovery 
of large bones when Stan¬ 
ford was a high school 
sophomore. The man who 
unearthed the bones asked 
the future researcher to ex¬ 
amine the find. “All the lo¬ 
cal people knew 1 was that 
crazy Stanford kid that 
knew all this stuff. And J 
said, ‘Yeah, those are mam¬ 
moth hones.’ ” Stanford 
recommended that experts 
be brought in, and he 


leagues,” he notes of his next academic 
experience, as a graduate student at the 
University of New Mexico. Employ¬ 
ment prospects turned out to be better 
than Malloy andcipared—Stanford had 
an offer from the Smithsonian before 
he completed his doctorate, and he has 
been with the institution ever since 
1972, 

Stanford’s main research interest, 
which he shares with wife and Smithso¬ 
nian colleague Margaret Jodry, focuses 



REPLICAS OF ARTIFACTS 

front the first Americans include a projectile point cost on a 
foreshaft (a), an atlatl {spear thrower, b), uncompleted bifacial 
points (c, d) and replicas of points found at different sites — 
Clovis (e, g), Hell Gap (f, i) and Folsom (h). 


wound up working with them. “I don’t 
know that they had a choice,” he con¬ 
fesses. “I was on the spot, and I wasn’t 
about to leave.” 

Stanford again refused to be denied 
when he enrolled at the University of 
Wyoming. The school was too small to 
have anything like a full-fledged archae¬ 
ology program, and the one archaeolo¬ 
gist on the faculty, Bill Malloy, did not 
take on students, Stanford remembers, 
“He said, ‘There are no jobs, no fu¬ 
ture.’ And 1 said, ‘Well, I’m going to be 
here, and Em going to be your student. 
That’s what you’re paid for, so buck up, 
buddy.’ ” 

Malloy immersed Stanford in the ar¬ 
chaeological and anthropological litera¬ 
ture, In fact, “I found that I was much 
better prepared than any of my col¬ 


on when the first people came to North 
America and who they were. In the ear¬ 
ly 1970s the consensus was that the 
first Americans were northeastern 
Asians who crossed the Bering Strait 
into Alaska around 11,000 years ago. 
They would have been the so-called 
Clovis people, named for the site in 
New Mexico where archaeologists dis¬ 
covered a treasure trove of bone and 
stone tools. According to the standard 
theory, these newcomers populated the 
continent, spreading all the way to the 
east coast and from Canada to central 
Mexico in only one century. This belief 
was based on other finds of similarly 
crafted tools and on radiocarbon data. 

Stanford and other upstarts began to 
question the common wisdom. The 
lack of any ancestral forms of Clovis 


artifacts troubled him. “The [Clovis] 
technology was just so radically differ¬ 
ent from anything 1 was aware of in 
Siberia or even Alaska,” Stanford ex¬ 
plains. Ultimately, research led by the 
University of Kentucky’s Tom D. Dille- 
hay revealed a Western Hemisphere 
presence of humans at least a millenni¬ 
um before Clovis. This literally and 
figuratively groundbreaking work 
took place at a site near Monte Verde 
in Chile, about which Dillehay has re¬ 
cently published a second 
large volume, Stanford 
had a role, which he de¬ 
scribes as small, in review¬ 
ing this data. Monte Verde 
has nailed down the pre- 
Clovis peopling of the 
Americas, which is now 
thought to be a much more 
complex issue that entailed 
multiple migrations origi¬ 
nating in Asia. 

At this moment, Stanford 
and Bruce A. Bradley, one 
of the world’s foremost lith- 
ic technologists, are analyz¬ 
ing upper Paleolithic arti¬ 
facts from Spain that raise 
additional provocative ques¬ 
tions. Clovis points tend to 
be bifacial—that is, worked 
to a fine edge from two 
faces. Most European arti¬ 
facts have been worked on 
only one surface. Some 
points from France and the 
Iberian peninsula, however, 
are more similar to Clovis 
than to other tools found in 
their own neighborhoods. 
Stanford thinks it may be 


possible that some Pa leoamerScans ac¬ 
tually originated in what is now Europe 
and found their way around to Maine 
by island hopping in boats. It’s a belief 
that “people are throwing rocks at me 
for,” he admits. 

Geologists are piecing together what 
conditions were like 20 millennia ago, 
and the weather and currents may have 
made such migrations far easier than 
they would appear to us today. “People 
were getting into Australia 50,000 
years ago,” Stanford says, “which re¬ 
quires crossing some pretty good 
chunks of the Pacific Ocean,” Perhaps 
chunks of the Atlantic were likewise 
traversed long before Eriksson or 
Columbus. The willingness to think 
outside the artifact box does not mean, 
however; that Stanford accepts any old. 
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or more likely new, theory that comes 
along, “He’s very pragmatic,* says fel¬ 
low Smithsonian researcher Anna K, 
Behrensmeyer, one of the world leaders 
in taphonomy, the study of how organ¬ 
isms fossilize, “He’s just looking for all 
the bits of evidence.” 

A prime example is the 1978 case of 
the flaked bones. At a few Canadian 
field sites, researchers had found the re¬ 
mains of mammoth kills. Where stone 
tools might be expected, however, the 
only artifacts were bones that seemed 
to have been shaped to have a sharp 
edge. Rather than simply accepting the 
bonc-tooi hypothesis, Stanford and a 
team of well-educated butchers got 
their hands on, and in, an elephant that 
had recently died at the Franklin Park 
Zoo in Boston, “Some of our detrac¬ 
tors call us the Boy Scout archaeolo¬ 
gists,” Stanford laughs. He and his co¬ 
workers found that the bones of an im¬ 
mense mammal could indeed be 
worked like stone to create useful im¬ 
plements, {Another discovery: chewed 
and thus softened elephant ligaments 
shrink nicely as they dry, effectively 
connecting the blade to the handle 
when wrapped around both,) As to 
why ancient people would use bone 


when stone is superior, Stanford again 
thinks like a Pleistocenes “It may he 
that when you’re first on the scene,” he 
muses, “you don’t know where all of 
the stone is. So you only use a stone 
when you have to,” And thus keep the 
best tools in their kits from excess wear 
and tear. 

More recently, Stanford found him¬ 
self knee-deep in another big, bony 
mess: the battle over what has come to 
be called Kennewick Man. On July 28, 
1996 , two men stumbled onto a human 
skeleton in Kennewick, Wash., about 
9,000 years old and having features not 
characteristic of modern Indians. The 
strictly worded 1990 Native American 
Graves Protection and Repatriation Act 
seemed to give local Indian tribes cus¬ 
tody of the remains, based on location 
and dating prior to the arrival of mod¬ 
ern Europeans. Some of these tribes 
were bent on reburying the skeleton im¬ 
mediately and denying anthropologists 
access to it. But scientists argued that 
the remains required further study to 
determine if they were indeed those of a 
man closely related to present-day Indi¬ 
ans, Thus was horn a catch-22: the 
only way to tell if the bones should be 
studied was to study the hones. 


On October 16, 1996, Stanford and 
seven other scientists filed a suit that 
w'ould allow them access to Kennewick 
Man, After almost two years of legal 
haggling, a U,S. magistrate ordered the 
bones to he moved to the Burke Muse¬ 
um at the University of Washington, 
where scientists from the Department 
of the Interior will eventually make a 
decision as to their ancestry and avail¬ 
ability for research, “The skeleton is 
potentially very informative,” Stanford 
argues. “The bottom line is that it will 
underscore the complexities of the is¬ 
sue of the peopling of America.” 

Until the Interior Department rules, 
Stanford cannot even examine a projec¬ 
tile point found in Kennewick Man’s 
hip. Nevertheless, he has put a tempo¬ 
rary restraining order on his frustra¬ 
tion, “Fm pleased that the remains are 
going to be studied,” he notes. “If they 
weren’t, it would be an incalculable loss 
to everyone.” 

Stanford’s job of putting together the 
giant jigsaw puzzle of American ar¬ 
chaeology is still more fun than a 
grown-up should have, “It’s exciting,” 
Stanford says, “It heats the hell out of 
being a lawyer.” Again he laughs—a 
bone-rattling laugh, — Steve Mirsky 
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ENVIRONMENTAL SCIENCE 


NOT CLEANING UP 

Faster .; cheaper ways to restore 
polluted ground are largely shunned 

R ecent estimates put the number 
of U.S, sites with dangerously 
polluted soil and groundwater 
at more than 300,000, The annual bill 
for cleaning them comes to $9 billion. 
These numbers will probably rise before 
they fall. So why, despite such a ready 
market, are nearly all the many environ¬ 
mental firms that tried in the past decade 
to sell faster, more effective cleanup tech¬ 
nologies dead, dying or frustrated? And 
why, in nine out of 10 cases, is contami¬ 
nated groundwater being treated by only 
the slowest, most cosdy methods? 

A 1997 report by the National Re¬ 
search Council blamed regulations that 
perversely encourage polluters to dither 
and delay, by putting those who clean up 
messes quickly and thoroughly at a fi¬ 
nancial disadvantage. “Our collective 
experience is that aggressive technolo¬ 
gies meet with resistance,” says P. Surcsh 
C Rao, a soil scientist at the University 


of Florida who chaired the NRC study* 

Consider the example of steam-en¬ 
hanced extraction, developed in the 
1980s by Kent S. Udell, director of the 
University of California's Berkeley Envi¬ 
ronmental Restoration Center. Steam is 
injected into the ground through a grid 
or circle of wells. The hot front either va¬ 
porizes the pollutants or dissolves them 
in hot water as it pushes toward a center 
well, through which contaminated fluid 
is then vacuumed up. 

Udell first proved the technique in 
1988, removing in just five days about 
95 percent of a common solvent called 
TCE from an industrial lot in Silicon Val¬ 
ley. Ten years later, however, the method 
is still moving from one demonstration 
to the next. 

A company that Udell formed to prac¬ 
tice steam injection soon withered and 
died for lack of customers. Another firm, 
Hughes Environmental Systems, applied 
the technique to a large diesel spill in 
1991. “But they tried to reduce costs by 
cutting out instrumentation,” Udell re¬ 
calls. “They lost control of the steam,” 
removed less than a quarter of the fuel 
and later got out of the business. 

Then researchers at Lawrence Liver¬ 
more National Laboratory, notably 
Roger D. Aines and Robin L. Ncwmark, 
discovered that zapping the wet soil with 


high-voltage electricity heats day layers 
that the steam has trouble penetrating. 
This improvement helped them in 1993 
to pull 7,600 gallons of gasoline out of a 
plume 120 feet beneath the surface, 
finishing in one year a cleanup that the 
lab had expected would take more than 
30 years by pumping groundwater to the 
surface for treatment. Even with the sci¬ 
entists’ inexperience and expensive in¬ 
struments, the steam cleaning cost about 
half as much as pumping or digging up 
the soil for incineration would have. 

Yet pumping, digging and stalling are 
all that most companies seem interested 
in trying; it took three more years for the 
researchers to find a company. Southern 
California Edison, willing to try steam 
extraction. SCE had used all three tradi¬ 
tional techniques for 20 years after envi¬ 
ronmental regulators discovered that it 
had allowed upwards of one million 
pounds of creosote and other highly tox¬ 
ic petrochemicals to soak into soil and 
groundwater beneath its utility pole yard 
in Visalia, Calif. But, as often happens 
With pollutants that are heavier than wa¬ 
ter, the contamination continued to trick¬ 
le down. It threatened to spoil die town's 
water supply. 

Pumping was bringing up only 500 
pounds of creosote a year. In 16 months, 
steam extraction pulled up more than 
900,000 pounds of the gunk. The com¬ 
pany expects the site to meet state stan¬ 
dards by 2001, about a century ahead of 
schedule and at a price of $20 million— 
roughly what 20 years of pumping had 
cost the utility. 

Steam extraction may not work such 
wonders everywhere. It cannot remove 
metallic or medical waste, and it works 
best on pollution at depths of 20 feet or 
more, Aines points out. But when experts 
looked closely at Super fund sites, they 
concluded that the technology should 
work on about one quarter of them. 

Yet when Livermore approached large 
environmental firms about liceasing the 
technology, “they came, they saw and 
they left,” reports Kathy A. Kaufman of 
Industrial Partnerships and Commercial¬ 
ization at Livermore. “When it comes to 
new technologies like this, the big com¬ 
panies wait. If it succeeds, they can either 
swallow up the little entrepreneurs or put 
them out of business by undercutting 
their bids.” 

So in 1997 and 1998 the lab licensed 
the method to two small California 
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HIGH-PRESSURE STEAM INJECTED INTO THE SOIL SPREADS QUICKLY 
and can pump out pollutants up to 10 times faster than traditional methods can. 
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firms, Integrated Water Technologies and 
SteamTech Environmental Services. Both 
collaborate on the restoration of polluted 
government property in Ohio. But so far 
rWT lias landed no cleanup jobs from 
the private sector, according to Norman 
Brown, the company’s president. “It has 
been very frustrating,” he complains. 
Even this decade-old technology is seen 
as too new, too risky. “Nobody wants to 
he first, or even third. Tenth, perhaps.” 

And although steam cleaning promises 
to be considerably cheaper in the long 
term. Brown adds, “no one has ever con¬ 
sidered a design that has you spend half 


of the budget in the first year but finish in 
two years.” And for good reason, Rao 
observes. Regulators require companies 
to report to shareholders only their annu¬ 
al cleanup costs, not their total environ¬ 
mental liability. Given the choice be¬ 
tween spending $25 million on a risky 
but fast cleanup that will deplete a com¬ 
pany’s cash reserves and hurt its stock 
price or paying lawyers $1 million a year 
to delay, any sensible CEO will choose 
the latter. Rao and other authors of the 
NRC report suggested changing the rules 
so that all corporations must reveal rea¬ 
sonable estimates of their future cleanup 


costs, just as they estimate their pension 
and health care liabilities. 

Corporate managers have another 
worry, Udell says. “If the technology re¬ 
ally works, then regulators may force 
them to clean up all their sites within 
five years. So obviously they don’t want 
anything to do with it.” That being the 
case, 1WT may not be in this business 
for long. “If after four years there is still 
only a demonstration project here or 
there and regulators are still not as sup¬ 
portive as they should be,” Brown says, 
“well call it quits.” 

—W. Wayt Gibbs in San Francisco 




MEDKINE 


BREATH OF 
FRESH LIQUID 


Sa ving the sick 
by flooding their lungs 


LUNGS OF 18-MONTH-OLD TODDLER 
were fading (left) until doctors filled them with a Teflon-like liquid (right). 


cialists have given this counterintuitive 
treatment, called liquid ventilation, to 
some 270 adults and children in small- 
scale experiments over the past decade. 
The therapy seems able to rescue one 
quarter to one half of the patients who 
would otherwise die of respiratory fail¬ 
ure, without causing any harmful side 
effects. But scientists cannot be sure of 
that until they put the technique 
through its first large-scale trial, which 
Alliance Pharmaceutical in San Diego 
launched last November. 

Normally, of course, fluid in the lungs 
is a bad tiling. In fact, many of the In¬ 
sults that frequently cause lungs to give 
out—shock, pneumonia, burns, gun¬ 
shots—harm the organs by drowning 
them one tiny air sac at a time. “The 
clear part of the blood, known as plas¬ 
ma, leaks into the alveolar sacs,” ex¬ 
plains Mark Wedel, who leads the liq¬ 
uid-ventilation project at Alliance. 
“Plasma is loaded with inflammatory 
messengers and clotting components. So 
that portion of the lung consolidates, 
leaving no room for air.” What Is worse, 
these “microdrownings” happen where 


blood flow is heaviest, Wedel says. “So 
blood looking to dump its carbon diox¬ 
ide and pick up oxygen tends to go to 
the sickest portion of the lung.” 

Gases such as oxygen cannot displace 
the plasma and flush out the inflamma¬ 
tory agents, but a liquid could if it were 
dense enough. Enter perfluorocarbons: 
colorless, odorless fluids that are biologi¬ 
cally inert, that evaporate in air but do 
not mix with water, that absorb oxygen 
and CO 2 but readily give it up and that 
are denser than water and most bodily 
fluids. In a famous experiment at the 
University of Alabama in 1966, Leland 
G Clark, Jr., demonstrated that mice 
submerged in a perfluoroearbon would, 
after a few seconds of wide-eyed shock, 
begin breathing the liquid with no ill ef¬ 
fects. Some doctors have hoped ever 
since that these chemicals could provide 
a gentler way to help people who cannot 
breathe for themselves than forcing high- 
pressure gas into their lungs. Progress 
was slow at first, Hirschl recalls, because 
“the initial approach was to try total liq¬ 
uid ventilation. There you use a special 
machine to oxygenate the liquid, remove 


I f, while wandering the corridors of 
G S. More Children’s Hospital in 
Ann Arbor, Mich., you happened 
on a white-coated physician injecting an 
oversize syringe full of clear fluid into 
the air line of a dangerously sick infant, 
you might wonder whether it was Jack 
Kevorkian expanding his clientele. More 
likely, it would be Ronald B. Hirschl, a 
pediatric surgeon, filling the child’s lungs 
with liquid in order to save the baby’s 
life, not end it. 

Hirschl and a handful of other spe- 


SUBMERGED IN PERILUBRON, 
a mouse can breathe the oxygen-carrying 
fluid for hows without harm , 
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CO z from it, warm it and infuse it into 
the lungs.” It works fine, Hirschl says, 
14 but it requires advanced knowledge of 
flows and physiology, and it seemed 
rather radical to many people.” 

About 10 years ago pulmonologists 
hit on a simpler approach: fill the lungs 
up with the drug to reopen the alveoli 
and then connect the patient to a con¬ 
ventional gas respirator. It is that com¬ 


bination approach that doctors at 45 
hospitals will test on some 450 gravely 
ill adults over the next 18 months. Each 
participant will be randomly given a 
fill-up with Alliance’s medical-grade 
periluorocarbon, a half-dose of the 
drug or traditional treatment. Doctors 
will continue to trickle perflubron, as 
the compound is called, down patients’ 
air tubes for up to five days, after which 


the fluid will simply evaporate away. 

If the trial works as well as a previous 
(hut much smaller and less reliable) test 
completed last year; 35 ro 40 people will 
survive who otherwise would not have. 
Alliance plans to initiate smaller tests on 
children and on newborn infants, who 
succumb to lung failure much more fre¬ 
quently than adults do, later this year. 

W ayt Gibbs in San Francisco 
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A LASER IN TUNE 
WITH ITSELF 

Multiwavelength lasers as a new 
feat of quantum engineering 

F rom the original home of the 
laser comes news of a variant 
with a unique feature: it emits 
light at three different infrared wave¬ 
lengths simultaneously. The device, 
though still definitely a labora¬ 
tory curiosity, could in princi¬ 
ple be adapted for use in sen¬ 
sors that monitor the concen¬ 
tration of trace chemicals in the 
atmosphere or in other gases 
or liquids. But it is perhaps 
more remarkable as an indica¬ 
tion of progress in quantum 
engineering 

Federico Capasso and his 
group at Beil Laboratories built 
the new device. (Bell Labs, now 
owned by Lucent Technologies, 
was part of AT&T when 
Arthur L. Schawlow and 
Charles H. Townes worked 
there in 1958 and first de¬ 
scribed the concept of the laser.) 
Capasso’s invention is a semi¬ 
conductor laser, though not of the low- 
power type now widely used in commu¬ 
nications. Rather it is a variant of the 
quantum cascade laser, which Capasso, 
along with Jerome Faist, now at the 
University of Neuchatel in Switzerland, 
invented only in 1994, Capasso and 
Faist won the 1998 IEEE Lasers and 
Electro-Optics Society William Streifer 
award for that breakthrough. 

The quantum cascade laser gave re¬ 
searchers for the first time the ability to 
design powerful lasers that would emit 
light at a predetermined wavelength in 
the mid- or long-wave length infrared 
band. The quantum cascade laser per¬ 


mits that degree of control because the 
wavelength of light it emits is deter¬ 
mined by the thickness of the semicon¬ 
ductor layers used in its construction, 
not their chemical composition, as is 
the case for conventional semiconduc¬ 
tor lasers. The device consists of nu¬ 
merous “wells” of a semiconductor 
material that each trap electrons in an 
effectively two-dimensional layer, sepa¬ 
rated by barriers just a few atoms thick. 
Quantum weirdness allows electrons to 
tunnel between the wells; as they cas¬ 
cade through the wells, they emit a 


photon with each jump. The thickness 
of the layers and barriers controls the 
energy of the emitted photons, which is 
related in a straightforward way to 
their wavelength. 

The new multiwavelength version of 
the quantum cascade laser consists, like 
the original type, of a tiny chip made of 
alternating layers of different materials 
laid down one atomic layer at a time by 
molecular-beam epitaxy. But the thick¬ 
nesses of the layers—aluminum indium 
arsenide four atoms thick and indium 
gallium arsenide 18 atoms thick—were 
carefully selected to control which elec¬ 
tronic energy transitions could occur. 


Quantum interactions between the 
wells of the active material (the indium 
gallium arsenide) allow the emergence 
of “minibands”—groups of energy 
states that electrons can occupy as they 
cascade through the wells. Capasso’s 
group engineered the material so that 
electrons moving between two mini¬ 
bands could make either one of two 
possible state transitions. Each transi¬ 
tion produced light at a different wave¬ 
length, as expected, even at room tem¬ 
perature, And the group saw a third 
wavelength emerge as a bonus when 
the laser was operated at high 
power and cooled to 80 kelvins. 
The technical description of the 
device was published in Nature in 
the November 26, 1998, issue. 
The quantum cascade laser and 
the new multiwave length version 
operate at wavelengths that are 
useful for distinguishing chemi¬ 
cals. Capasso says that with some 
refinements he is confident of be¬ 
ing able to add, a laser emitting at 
two distinct wavelengths could be 
built that would be “a definite 
plus” for the analytical technique 
known as lidar {light detection 
and ranging). In lidar, laser beams 
of two different wavelengths are 
sent into a mixture of gases, and 
the amount of light scattered 
back is measured. If one of the wave¬ 
lengths is chosen so that it is absorbed 
by a chemical in the mixture, the atten¬ 
uation of that wavelength, relative to 
the other wavelength, will provide a 
sensitive measure of the concentration 
of the chemical. 

Having a single small laser device 
that could produce both the wave¬ 
lengths could make for smaller lidar de¬ 
vices and related instruments for moni¬ 
toring pollution, for controlling indus¬ 
trial processes and for making medical 
diagnoses. The Bell Labs laser certainly 
seems to be on the right wavelength. 

—Ti m Beardsley in Washington , D,C 


GOLD CONTACT PAD 



QUANTUM CASCADE LASER 
can produce multiwavelength light. Voltage is applied to 
the raised surface to generate light 
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GENETIC MEDICINE 


INNOVATIVE 

IMMUNITY 

A biological trick offers promise 
for making vaccines from RNA 

V accines are among the most 
cost-effective medicines. Yet 
for many serious infectious 
diseases, vaccines have proved impossi¬ 
ble to create. A group of researchers at 
the University of Vienna has recently 
demonstrated a technique for making a 
vaccine that in mice provided potent 
protection against a viral disease, tick- 
borne encephalitis. The vaccine repre¬ 
sents a novel way of using 
RNA, a molecule that 
cells use to transfer genet¬ 
ic information from their 
nuclei to sites where pro¬ 
teins are assembled. If the 
idea works for other con¬ 
ditions and in other ani¬ 
mals, it could give vaccine 
manufacturers a powerful 
weapon. 

Most vaccines now in 
use consist of either killed 
or genetically attenuated 
microbes. In recent years, 
however, immunologists 
have learned that plasmids, 
tiny loops of “naked” 

DNA, can by themselves 
provoke immunity if they 
incorporate a sequence en¬ 
coding a pathogen’s pro¬ 
tein. When the DNA en¬ 
ters an animal’s cells, it 
causes them to manufac¬ 
ture the protein, which in 
turn stimulates the im¬ 
mune system. Compared 
with traditional vaccines, 

DNA vaccines are easy 
and inexpensive to make, 
because the process does 
not require cultivation of bacteria or 
viruses. But as promising as they may 
be, DNA vaccines have not proved as 
potent in clinical trials as might be de¬ 
sired, because recipient cells produce 
the pathogen’s protein only for as long 
as the administered DNA remains 
functional. 

Looking for a different trick, Chris¬ 
tian W. Mandl and his colleagues syn¬ 


thesized in the laboratory RNA corre¬ 
sponding to almost the whole genome 
of the virus that causes tick-borne en¬ 
cephalitis. This genome, like that of 
many other viruses, consists of RNA. 
Although it is missing part of the viral 
genome, the synthetic RNA could still 
replicate and was infectious when put 
in cells. But it replicated much more 
slowly than the RNA of the whole viral 
genome. 

Mandl and his colleagues then de¬ 
posited the synthetic attenuated virus 
RNA onto microscopic gold beads and 
used a “gene gun” to shoot the beads 
into the skin of mice. The gene gun has 
been widely used in studies on DNA 
vaccines. 

As a result of the treatment, the mice 
developed a strong immunity to tick- 


borne encephalitis, presumably because 
the RNA caused a localized attenuated 
infection that then fired up the animals’ 
immune cells. Remarkably, because the 
RNA could replicate, the amount need¬ 
ed to produce immunity was about one 
thousandth the amount of naked DNA 
typically needed for protection. The re¬ 
sults were reported in December 1998 
in Nature Medicine. 


Most previous vaccine work with 
RNA viruses has employed them as 
carriers that produce a protein of a dif¬ 
ferent pathogen in cells. Other efforts 
have focused simply on short RNA se¬ 
quences that encode pathogens’ genes. 
But this approach, like DNA vaccines, 
limits the amount of the pathogen’s 
protein that recipient cells can produce. 
Synthetic infectious RNA correspond¬ 
ing to the (almost) complete genome of 
an RNA virus is an original twist, ac¬ 
cording to Margaret A. Liu of Chiron 
Technologies in Emeryville, Calif. Chi¬ 
ron holds patents on molecular-biology 
techniques for making RNA viruses that 
cause cells to overproduce desired RNA 
sequences. 

A practical vaccine based on Mandl’s 
idea might be potent, because it would 
replicate in the recipient. 
Moreover, it could have 
safety advantages. Attenu¬ 
ated viruses cultured in 
cells occasionally revert to 
a fully pathogenic form, 
but there is no obvious 
way for reversion to occur 
with synthetic RNA. The 
chemical is also less infec¬ 
tious than whole virus. 
And RNA, unlike DNA, 
cannot integrate itself into 
an animal’s chromosomes, 
a phenomenon that has 
been observed in cell cul¬ 
tures with DNA vaccines. 

On the other hand, 
points out David B. Wein¬ 
er of the University of 
Pennsylvania, RNA breaks 
down rather easily, so it 
might be hard to use Man¬ 
dl’s technique to make 
practical vaccines. But 
Mandl says his prepara¬ 
tion works well even after 
six months in storage. He 
thinks the idea might be 
particularly applicable to 
yellow fever and polio, 
which are caused by RNA 
viruses that operate like tick-borne en¬ 
cephalitis (it would not work against 
viruses based on DNA or against retro¬ 
viruses, such as HIV). Mandl acknowl¬ 
edges that RNA of the needed com¬ 
plexity is currently too expensive for 
wide-scale use. But mass manufacturing 
can bring prices down, and vaccine de¬ 
velopers badly need new ideas. 

—Tim Beardsley in Washington , D.C. 



GENE GUN , 

widely used in vaccine research , relies on pressurized helium to fire 
DNA- or RNA-covered gold pellets one micron wide through the 
skin of animals. 
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CYBER VIEW 


Private Parts 


ne of presidential aide Ira 
Magaziner’s last aas before 
leaving the White House was 
to hand over a report on cyberspace is¬ 
sues. It recommends greater consumer 
protection and privacy rights but advises 
leaving them to industry self-regulation 
rather than instituting government inter¬ 
vention. The report follows a series of 
similar recommendations, such as a two- 
year moratorium on Internet taxation 
designed to keep the Internet free of regu¬ 
lation wliilc it grows. 

Regulation has never been popular on 
the Net, which tends to be most vocally 
populated by people who dislike authori¬ 
ty and welcome freedom. Herein lies the 
paradox: a chief reason why Netizens 
want cryptography deregulated is to pro¬ 
tect privacy. The Clinton administration, 
on the other hand, stubbornly dings to 
regulating cryptography, while saying 
that allowing the market to regulate itself 
is the best way to protect privacy—the 
one area where at least some Netizens 
are persuaded that regulation is needed. 

In clinging to self-regulation for priva¬ 
cy, the IL5. is out of step—not just with 
the Net but widi most other countries 
and with die American public, which in 
polls cites privacy concerns as a serious 
deterrent to the growth of electronic com¬ 
merce. Internet users in the U.S. would be 
free to sir around and debate all diis end¬ 
lessly if it weren’t for one thing: in Octo¬ 
ber the European privacy directive came 
into force. This legally binding document 
requires all European member states to 
pass legislation meeting the directive’s 
minimum standards. The supporting bill 
in Britain, for example, has already been 
passed by Parliament and received Royal 
Assent; no starting date has been an¬ 
nounced, but it ts presumed to be early in 
1999. The kicker in the directive and 
supporting legislation, as far as die U.S. is 
concerned: besides giving European con¬ 
sumers much greater privacy rights, the 
legislation prohibits member states from 
transferring data to countries that do not 
have equivalent protection. 

Privacy activists have been warning 
the U.S. for some time that because the 
U.S. has no such legal protection, it is 
entirely possible that U.S. companies 
may find themselves prohibited from 


transferring personal data for process¬ 
ing, either to business partners or to 
their own overseas subsidiaries. Never¬ 
theless, the administration still clings to 
the idea (and the recent report states so 
clearly) that market pressures will force 
industries to regulate themselves. 

A white paper written by the Online 
Privacy Alliance (OPA), a coalition 
boasting members such as America On¬ 
line, Bank of America, Bell Atlantic, 
IBM, EDS, Equifax and the Direct Mar¬ 
keting Association, outlines the plan. 
Publicly announced corporate policies 
and industry codes of conduct would be 
backed by the enforcement authority of 
the Federal Trade Commission and state 
and local agencies and by laws to pro¬ 
tect the privacy of specific types of infor¬ 



mation. They will add up to a “layered 
approach” that will create what is 
sometimes referred to as a safe harbor. 
The OPA insists it will produce the 
same level of protection as the Euro¬ 
pean directive. 

As the paper points out, many privacy 
laws already exist in the U.S., starting 
with the Fourth Amendment and lead¬ 
ing up to the 1998 Children’s Online 
Privacy Protection Act, which directs 
the FTC to regulate the personal infor¬ 
mation obtained by commercial sites 
from anyone younger than 13. No such 
law is proposed for adult on-line users, 
who arguably have as much or more to 
lose, although schemes that stamp Web 
sites with a seal of approval (from orga¬ 
nizations such as TRUSTe or the Better 
Business Bureau) do exist to try to give 
the Web some consistent privacy stan¬ 


dards. The paper’s conclusion is that the 
U.S. doesn’t need privacy regulation. 

Simon Davies, director of Privacy In¬ 
ternational and a visiting fellow at the 
London School of Economics, dis¬ 
agrees. “When the U.S. government ap¬ 
proaches this issue, they approach it as 
if it were a domestic affair,” he says, 
“Safe harbor is condemned by every¬ 
body because it lacks all the primary re¬ 
quirements for effective protection.” 

Under the self-regulatory model, cus¬ 
tomers must do all the legwork: they 
have to do the complaining and the in¬ 
vestigating and muster the proof that 
their privacy has been invaded. Any ar¬ 
bitrator is hampered in such a regime, 
because companies are notoriously re¬ 
luctant to give third patties access to in¬ 
ternal records that may be commer¬ 
cially sensitive. Meanwhile, Davies 
says, companies are “pathologically 
unable to punish themselves,” so a 
customer seeking redress is unlikely 
to find any without that third party. 

Worse than that, a lack of effective 
regulation means that even if compa¬ 
nies successfully regulate themselves, 
there are no curbs on government in¬ 
vasions of privacy. That is probably 
the greater concern, especially be¬ 
cause of projects under considera¬ 
tion, such as putting all medical data 
on-line and asking banks to notify 
government officials if customers dis¬ 
play a change in their banking habits. 

The U.S. may be in for a shock if 
Europe, flexing its newly unified mus¬ 
cles in a globally networked world, re¬ 
fuses to budge and companies find them¬ 
selves unable to trade because of data 
flow problems. Davies, for one, thinks 
this scenario is all too likely. “They still 
diink that because they’re American they 
can cut a deal, even though they’ve been 
told by every privacy commissioner in 
Europe that safe harbor is inadequate,” 
he remarks with exasperated amuse¬ 
ment. “They fail to understand that what 
has happened in Europe is a legal, consti¬ 
tutional thing, and they can no more cut 
a deal with the Europeans dian the Euro¬ 
peans can cut a deal with your First 
Amendment.” — Wendy M. Grossman 

WENDY M. GROSSMAN is a free¬ 
lance writer based in London. She de¬ 
scribed methods to foil electronic eaves¬ 
dropping of computer monitors in the 
December 1998 issue , 
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soft X-ray Stars 
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Several years ago astronomers came across a new type 
of star that spews out unusually low energy x-rays. 
These so-called supersoft sources are rtotv thought 
to he white dwarf stars that cannibalize their stellar 
cj^;pmti0t^and then, in many cases, explode 
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DAViD AND GOLIATH STARS 
form a symbiotic binary system: a 
white dwarf and a red giant star 
in mutual orbit. Tile dwarf, with 
its intense gravity, is slurping off 
the outer layers of the giant. The 
pilfered gas goes into an accretion 
disk around the dwarf and even¬ 
tually settles onto its surface, 
whereupon it can ignite nuclear 
fusion and generate a large quanti¬ 
ty of low-energy x-rays. 





ince the 1930s astronomers have known that ordinary stars shine because 
of nuclear fusion deep in their interior. In the core of the sun, for example, 
600 million tons of hydrogen fuse into helium every second. This process 
releases energy in the form of x-rays and gamma rays, which slowly wend their 
way outward through the thick layers of gas. By the time the radiation reaches 
the surface of the star, it has degraded into visible light. 

Recently, however, researchers have discovered a new class of scars in which 
the nuclear fusion takes place not in the deep Interior but in the outer layers just 
below die surface. These stars appear to be white dwarfs—dense, burned-out 
stars that have exhausted their nuclear fuel—in orbit around ordinary stars. 
The dwarfs steal hydrogen gas from their companions, accumulate it on their 
surface and resume fusion. The result is a torrent of x-rays with a distinctive 
“soft” range of wavelengths; such stars are known as luminous supersoft x-ray 
sources. As die dwarfs gain weight, they eventually grow unstable, at w'hich 
point diey can collapse into an even denser neutron star or explode. 

The disruption of white dwarfs has long been conjectured as the cause of one 
son of supernova explosion, called type la. Wirii the discovery of the supersoft 
sources, observers have identified for the first time a class of star system that 
can detonate in this way. Type la supernovae have become important as bright 
“standard candles” for measuring distances to distant galaxies and thereby the 
pace of cosmic expansion. Much of the lingering uncertainty in estimates of the 
age and the expansion rate of the universe is connected to astronomers’ igno¬ 
rance of what gives rise to these supemovae. Supersoft sources may he the long- 
sought missing link. 
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SOFT AND HARD x-ray sources arc distinguished by their spec¬ 
tra, as measured by the ROSAT orbiting observatory. A typical su- 
persoft source {top} emits x-rays with a fairly low energy, indicative 
of a comparatively cool temperature of 300,000 degrees Celsius, A 
typical hard x-ray source (bottom) is 100 times hotter and therefore 
emits higher-energy x-rays. In both cases, the intrinsic spectrum of 
the source (red curves) is distorted by the response of the ROSAT 
detector {gray cunres) and by interstellar gas absorption. 


T he story of the supersoft sources began with the launch 
of the German x-ray satellite ROSAT in 1990. This or¬ 
biting observatory carried out the first complete survey of 
the sky in soft x-rays, a form of electromagnetic radiation 
that straddles ultraviolet light and the better-known "hard*’ 
x-rays. Soft x-rays have wavelengths 50 to 1,000 times 
smaller than those of visible light—which means that the en¬ 
ergy of their photons (the unit x-ray astronomers prefer to 
think in) is between about 0,09 and 2,5 kiloelectron volts 
(keV), Hard x-rays have energies up to a few hundred keV. 
With the exception of the National Aeronautics and Space 
Administration's orbiting Einstein Observatory, which cov¬ 
ered the energy range from 0.2 to 4,0 keV, previous satellites 
had concentrated on the hard x-rays. 

Almost immediately the ROSAT team, led by Joachim 
Triimper of the Max Planck Institute for Extraterrestrial 
Physics near Munich, noticed some peculiar objects during 
observations of the Large Magellanic Cloud, a small satellite 
galaxy of the Milky Way, The objects emitted x-rays at a 
prodigious rate—some 5,000 to 20,000 times the total energy 
output of our sun—but had an unexpectedly soft spectrum. 
Bright x-ray sources generally have hard spectra, with peak 
energies in the range of 1 to 20 keV, which are produced by 
gas at temperatures of 10 million to 100 million kelvins. 
These hard x-ray sources represent neutron stars and black 
holes in the process of devouring their companion stars [see 
“X-ray Binaries,” by Edward P. J. van den Heuvet and Jan 
van Paradijs; Scientific American, November 1993], But 
the soft spectra of the new stars—with photon energies a hun¬ 
dredth of those in other bright x-ray sources—implied tem¬ 
peratures of only a few hundred thousand kelvins. On an x- 
ray color picture, the objects appear red, whereas classical, 
hard x-ray sources look blue [see illustration at bottom lefi\. 



X-RAY COLOR IMAGE (left) shows how a nearby minigalaxy, 
the Large Magellanic Cloud, might appear to someone with x-ray 
vision. A red color denotes lower-energy (or, equivalently, longcr- 
wavelength) radiation; blue means higher energy (shorter wave¬ 
length). Supersoft sources stand out as red or orange dots, 



whereas hard x-ray sources look blue. The supersoft star CAL 
87 seems green because an intervening cloud of hydrogen alters 
its true color. (Some red dots are actually sunlike stars in the 
foreground.) The x-ray view is rather different from an ordi¬ 
nary photograph of the same area ( right}* 
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The reason the supersoft sources had not been recognized 
before as a separate class of star is that the earlier x-ray de¬ 
tectors were less sensitive to low energies. In fact, after the 
RGSAT findings, researchers went back through their 
archives and realized that two of the sources had been dis¬ 
covered 10 years earlier by Knox S. Long and his colleagues 
at the Columbia University Astrophysics Laboratory 
(CAL), using the Einstein Observatory. These sources, 
named CAL 83 and CAL 87, had not been classified as dis¬ 
tinct from other strong sources in the Large Magellanic 
Cloud, although the Columbia team did remark that their 
spectra were unusually soft. 

Back of the Envelope 

A t die time, Anne R Cowley and her co-workers at Arizona 
. State University surmised that CAL, 83 and 87 were ac¬ 
creting black holes, which often have softer spectra than 
neutron stars do. This suggestion seemed to receive support 
in the 1980s, when faint stars were found at the locations of 
both sources. The stars’ brightness oscillated, a telltale sign 
of a binary-star system, in which two stars are in mutual or¬ 
bit. In 1988 an international observing effort led by Alan P. 
Smale of University College London found that die bright¬ 
ness of CAL 83 fluctuated with a period of just over one day. 
A similar project led by Tim Naylor of Keele University in 
England obtained a period of 11 hours for CAL 87. These 
visible companion stars are the fuel for the hypothesized 
black holes. Assuming they have not yet been decimated, the 
various measurements indicated that they weighed L2 to 2.5 
times as much as the sun. 

But the ROSAT observations suddenly made this explana¬ 
tion very unlikely The sources were much cooler than any 


known black-hole system. Moreover, their brightness and 
temperature revealed their size. According to basic physics, 
each unit area of a star radiates an amount of energy propor¬ 
tional to the fourth power of its temperature. By dividing this 
energy into the total emission of the star, astronomers can 
easily calculate its surface area and, assuming it to be spheri¬ 
cal, its diameter. It turns out that CAL 83, CAL 87 and the 
other Magellanic Cloud sources each have a diameter of 
10,000 to 20,000 kilometers (16,000 to 32,000 miles)—the 
size of a white dwarf star. They are therefore 500 to 1,000 
times as large as a neutron star or the “horizon” at the edge 
of a stellar-mass black hole. When Trumper first described 
the supersoft sources at a conference at the Santa Barbara In¬ 
stitute for Theoretical Physics in January 1991, several audi¬ 
ence members quickly made this calculation on the prover¬ 
bial back of the envelope. 

Some conference participants, among them Jonathan E. 
Grindlay of Harvard University, suggested that the sources 
were white dwarfs that gave off x-rays as gas crashed onto 
their surface—much as hard x-ray sources result from the ac¬ 
cretion of matter onto a neutron star or into a black hole. Oth¬ 
ers, including Trumper, his colleagues Jochen Greiner and Gun¬ 
ther Hasinger, and, independently, Nikolaos D. Kylafis and 
Kiriaki M. Xilouris of the University of Crete, proposed that 
the sources were neutron stars that had somehow built up a 
gaseous blanket some 10,000 kilometers thick. In either case, 
the ultimate source of the energy would be gravitational. Grav¬ 
ity would pull material toward the dwarf or neutron star, and 
the energy of motion would be converted to heat and radiation 
during collisions onto the stellar surface or within the gas. 

Both models seemed worth detailed study, and two of us 
(van den Heuvel and Rappaport), collaborating with Di- 
pankar Bhattacharya of the Raman Research Institute in 



COMPACT STARS have colossal escape velocities, A typical 
white dwarf {left) packs the mass of the sun into the volume of 
a terrestrial planet. To break free of its gravity, an object must 
travel at some 6,000 kilometers per second. This is also approx¬ 
imately the speed that a body doing the reverse trip—falling 


onto the dwarf from afar-—would have on impact. Denser stars, 
such as neutron stars with the same mass (center), have an even 
mightier grip. The densest possible star, a black hole, is defined 
by a surface, or “horizon,* 1 from which the escape velocity 
equals the speed of light (right). 
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ON/OFF EMISSION of supersoft star RXJ0513.9-6951 is a sign 
that it is poi sed between two different modes of behavior. When 
it shines in visible light (left), its x-ray output is low (right), and 
vice versa, (The lower x-ray counts arc upper limits,) The star is at 


the border between a pure supersoft source {which would emit 
only x-rays) and a white dwarf surrounded by thick gas (which 
would emit only visible light). Slight fluctuations in the rate of 
gas intake switch the star from one behavior to the other. 


Bangalore, India, were lucky enough to be able to start such 
studies immediately. The conference was part of a half-year 
workshop at Santa Barbara, where several dozen scientists 
from different countries had the time to work together on 
problems related to neutron stars. 

It soon became clear that neither model worked. The super- 
soft sources emit about the same power as the brightest accret¬ 
ing neutron stars in binaries. Yet gas collisions onto neutron 
stars are 500 to 1,000 times as forceful as the same process on 
white dwarfs, because the effect of gravity at the surface of a 
neutron star is that much greater. (For bodies of the same mass, 
the available gravitational energy is inversely proportional to 
die radius of die body.) Thus, for a dwarf to march the output 
of a neutron star, it would need to sweep up material at 500 to 
1,000 times die rate. In such a frenetic accretion flow—equiva¬ 
lent to several Earth-masses a year—the incoming material 
would be so dense that it would totally absorb any x-rays. 

Neutron stars with gaseous blankets also ran into trouble. 
Huge envelopes of gas (huge, that is, with respect to the 10-kilo¬ 
meter radius of the neutron star) would be unstable; they would 
either collapse or be blown away in a matter of seconds or min¬ 
utes, Yet CAL 83 and CAL 87 have been shining for at least a 
decade. Indeed, the ionized interstellar gas nebula surrounding 
CAL 83 took many tens of thousands of years to create. 

Nuclear Power 

After weeks of discussing and evaluating models, none of 
Liwhich worked either, we realized the crucial difference be¬ 
tween accretion of material onto neutron stars or black holes 
and accretion onto white dwarfs. The former generates much 

LIFE CYCLE of a supersoft star (sequence at top) begins with 
an unequal binary-star system and ends with a type la superno¬ 
va explosion. The supersoft phase can take one of three forms, 
depending on the nature of the companion star. If it is an ordi¬ 
nary star in a tight orbit, it can overflow its Roche lobe and cede 
control of its outer layers to the white dwarf. This case is de¬ 
picted in the fifth frame of the sequence (5a). The lower dia¬ 
grams show the alternatives. If the companion is a red giant star 
of sufficient size, it also overflow's its Roche lobe (56). Finally, if 
it is a red giant with a smaller size or a wider orbit, it can power 
a supersoft source with its strong winds (5c). Not all supersoft 
sources blow up, but enough do to account for the observed 
rate of supernovae. 


more energy' than nuclear fusion of the same amount of hydro¬ 
gen, whereas the latter produces much less energy than fusion. 
Of the energy' inherent in mass (Albeit Einstein's famous E - 
me 1 ), fusion releases 0.7 percent. Accretion onto a neutron 
star, however, liberates more than 10 percent; into a black hole, 
up to 46 percent before the material disappears into it. On the 
other hand, accretion onto a white dwarf, with its compara¬ 
tively weak gravity, liberates only about 0.01 percent of the in¬ 
herent energy. 

Therefore, on white dwarfs, nuclear fusion is potentially 
more potent than accretion. If hydrogen accumulated on the 
surface of a white dw arf and somehow started to “bum” (that 
is, undergo fusion), only about 0.03 Earth-mass would be 
needed a year to generate the observed soft x-ray luminosity. 
Because of the lower density of inflowing matter, the x-rays 
would be able to escape. 

Stable nuclear burning of inflowing matter would account 
for the paradoxical brightness of the supersoft sources. But is 
it really possible? Here we were lucky. Just when we were dis- 
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cussing this issue, Ken'ichi Nomoto of the University of 
Tokyo arrived in Santa Barbara* He had already been trying 
to answer the very same question in order to understand an¬ 
other phenomenon, nova explosions—outbursts much less 
energetic than supemovae that cause a star suddenly to 
brighten 10,000-fold bur do not destroy it. Novae always oc¬ 
cur in close binaries that consist of a white dwarf and a sun- 
like star Until the discovery of supersoft sources, they were 
the only known such close binaries [see “The Birth and 
Death of Nova VI974 Cygni,” by Sumner Starrfield and 
Steven N. Shore; Scientific American, January 1995]. 

For over a decade, Nomoto and others had been improv¬ 
ing on the pioneering simulations by Bohdan Paczyriski and 
Anna Zytkow, both then at the Nicolaus Copernicus Astro¬ 
nomical Center in Warsaw. According to these analyses, hy¬ 
drogen that has settled onto the surface of a dwarf can indeed 
bum. The style of burning depends on the rate of accretion. If 
it is sufficiently low, below 0.003 Earth-mass a year, fusion is 
spasmodic. The newly acquired hydrogen remains passive, 
often for thousands of years, until its accumulated mass ex¬ 
ceeds a critical value, at which point fusion is abruptly ignited 
at its base. The ensuing thermonuclear explosion is visible as 
a nova. 

If the accretion rate is slightly higher, fusion is cyclic but not 
explosive. As the rate increases, the interval between burning 
cycles becomes shorter and shorter; and above a certain thresh¬ 
old value, stable burning sets in. For white dwarfs of one solar 


mass, this threshold is about 0.03 Earth-mass a year. In the 
simulations, fusion generates exactly the soft x-ray luminosity 
observed in the supersoft sources. 

If the rate is still higher, above 0.12 Earth-mass a year, the in¬ 
coming gas does not settle onto the surface but instead forms 
an extended envelope around the dwarf. Steady burning con¬ 
tinues on the surface, but the thick envelope degrades the x- 
rays into ultraviolet and visible light. Recent calculations have 
shown that the radiation is so intense that it exerts an outward 
pressure on gas in the envelope, causing part of it to stream 
away from the star in a stellar wind. 

If the accretion rate hovers around 0.12 Earth-mass a year, 
the system may alternate between x-ray and visible phases. Ex¬ 
actly this type of behavior has been found in the supersoft 
source known as RXJG513.9-6951, which was discovered by 
Stefan G, Schaeidt of the Max Planck institute. It gives off x- 
rays for weeks at a time, with breaks of several months. This 
on/off emission puzzled astronomers until 1996, when Karen 
A. Southwell and her colleagues at the University of Oxford 
noticed that the visible counterpart to this star fluctuated, too. 
When the visible star is faint, the x-ray source is bright, and 
vice versa \see top illustration on opposite page]. The system 
also features two high-speed jets of matter flowing out in op¬ 
posite directions at an estimated 4,000 to 6,000 kilometers 
per second. Such jets are common where an accretion disk 
dumps more material on the star than it can absorb. The ex¬ 
cess squirts out in a direction perpendicular to the disk, where 



Pair of ordinary One exhausts fuel Orbit tightens; Giant sheds outer Dwarf steals gas Dwarf reaches 
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STYLE OF NUCLEAR FUSION on the surface of a white 
dwarf depends on how massive the dwarf is (horizontal axis) 
and how fast it is devouring its companion star (vertical axis). 
If the accretion rate is sufficiently low, fusion (which as¬ 


tronomers, somewhat misleadingly, call “burning”) occurs in 
spurts, either gently or explosively. Otherwise it is continuous. 
This chart shows that phenomena once thought to be distinct— 
such as novae and supersoft sources—are closely related. 


there is no inflowing matter to block it. The outflow velocity 
is expected to be approximately the same as the escape ve¬ 
locity from the surface of the star. In RXJ0513.9-6951 the 
inferred speed nearly equals the escape velocity from a white 
dwarf—further confirmation that the supersoft sources are 
white dwarfs. 

Soft-Boiled Star 

N ot every binary system can supply material at the rates re¬ 
quired to produce a supersoft source. If the companion 
star is less massive than the white dwarf, as is typically ob¬ 
served in nova-producing systems, the fastest that material can 
flow in is 0.0003 Earth-mass a year. This limit is a consequence 
of the law of conservation of orbital angular momentum. As 
the small companion star loses mass, its orbit widens and the 
flow rate stabilizes. 

For the rates to be higher, the donor star must have a mass 
larger than that of the dwarf. Then the conservation of angu¬ 
lar momentum causes the orbit to shrink as a result of the 
mass transfer. The stars come so close that they begin a grav¬ 
itational tug-of-war for control of the outer layers of the 
donor. Material within a certain volume called the Roche 
lobe remains under the sway of the donor’s gravity, while ma¬ 
terial beyond it is stripped off by the dwarf. Perversely, the 
donor abets its own destruction. While it sheds mass at the 
surface, the amount of energy generated by fusion in the core 
remains largely unaffected. The continued heating from be¬ 
low exerts pressure on the outer layers to maintain the origi¬ 
nal shape of the star. This pressure replenishes the material 
ripped off the dwarf, much as an overflowing pot of soup on 
a hot burner will continue to pour scalding water onto the 
stove. The situation stabilizes only when the effects of mass 
loss are felt by the core itself. For a star originally of two solar 


masses, the return to equilibrium—and thus the cessation of 
supersoft emission—takes seven million years after the onset 
of plundering. By this time the star has shrunk to a fifth of its 
initial mass and become the lesser star in the system. The av¬ 
erage accretion rate onto the dwarf was about 0.04 Earth- 
mass a year. 

Following this reasoning, we predicted in 1991 that many 
supersoft sources would be white dwarfs in tight orbits (with 
periods of less than a few days) around a companion star 
whose original mass was 1.2 to 2.5 solar masses. In fact, CAL 
83 and 87 are precisely such systems. Since 1992 orbital peri¬ 
ods for four more supersoft sources have been measured; all 
were less than a few days. The explanation may also apply to a 
class of novalike binary systems, V Sagittae stars, whose oscil¬ 
lating brightness has perplexed astronomers since the turn of 
the century. Last year Joseph Patterson of Columbia University 
and his collaborators, and, independently, Joao E. Steiner and 
Marcos P. Diaz of the National Astrophysical Laboratory in 
Itajuba, Brazil, demonstrated that the prototype of this class 
has the appropriate mass and orbital period. 

There is one other group of star systems that could give rise 
to supersoft sources: so-called symbiotic binaries, in which the 
white dwarf is in a wide orbit about a red giant star. Red giants 
are willing donors. Bloated by age, they have relatively weak 
surface gravity and already discharge matter in strong stellar 
winds. In 1994 one of us (Kahabka), Hasinger and Wolfgang 
Pietsch of the Max Planck institute discovered a supersoft sym¬ 
biotic binary in the Small Magellanic Cloud, another satellite 
galaxy of the Milky Way. Since then, a further half-dozen such 
sources have been found. 

Some supersoft sources are harder to recognize because their 
accretion rate varies with time. One source in our galaxy alter¬ 
nates between x-ray and visible emission on a cycle of 40 years, 
as seen on archival photographic plates. A few objects, such as 
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Nova Muscac 1983 and Nova Cygni 1992, combine nova be¬ 
havior with supersoft emission, which can be explained by a 
yearsdong period of sedate “afterburning” between eruptions. 

The Seeds of Supemovae 

T he companion masses required of supersoft sources with 
short orbital periods imply that they are relatively young 
systems (compared with the age of our galaxy). Stars of the 
inferred mass live at most a few billion years and are always 
located in or near the youthful central plane of the galaxy. 
Unfortunately, that location puts them in the region thick 
with interstellar clouds, which block soft x-rays. For this rea¬ 
son, the observed population is only the rip of the iceberg. 
Extrapolating from the known number of supersoft sources, 
we have estimated that the total number in our galaxy at any 
one time is several thousand, A few new ones are born every 
1,000 years, and a few others die. 

What happens as they pass away? The fusion of matter re¬ 
ceived from the companion clearly causes the white dwarf to 
grow in mass. It could reach the Chandrasekhar limit of about 
L4 solar masses, the maximum mass a white dwarf can have. 
Beyond this limit, die quantum forces that hold up die dwarf 
falter. Depending on die initial composition and mass of the 
dwarf, there are two possible outcomes: collapse to a neutron 
star or destruction in a nuclear fireball. Dwarfs that either lack 
carbon or are initially larger than 1.1 solar masses collapse, A 
number of theorists—Ramon Canal and Javier La bay of the 
University of Barcelona, jordi Isem of the Institute for Space 
Studies of Catalonia, Stan E, Woosley and Frank Tlmmes of 
the University of California at Santa Cruz* Hiroshi Yamaoka of 
Kyushu University, and Nomoto—have analyzed this fate. 
White dwarfs that do not meet either of these criteria simply 
blow up. They may slowly amass helium until they reach the 
Chandrasekhar limit and explode. Alternatively, the helium 
layer may reach a critical mass prematurely and ignite itself ex¬ 
plosively. In the latter case, shock waves convulse the star and 
ignite the carbon at its core. And once the carbon burning lie- 
gins, it becomes a runaway process in the dense, taut material 
of the dwarf. Within a few seconds the star is converted largely 
into nickel as well as other elements between silicon and iron. 
The nickel, dispersed into space, radioactively decays to cobalt 
and then iron in a few hundred days. As it happens, as¬ 
tronomers had already ascribed a kind of explosion to the 


death of carbon-rich dwarfs—the supernova type la. The spec¬ 
trum of such a supernova lacks any sign of hydrogen or heli¬ 
um, one of the factors that distinguish it from the other types of 
supernovae (lb, Ic and II), which probably result from the im¬ 
plosion and subsequent explosion of massive stars [see “Heli¬ 
um-Rich Supernovas,” by J. Craig Wheeler and Robert R 
Harkness; Scientific American, November 1987]. Type la 
supemovae are thought to be a major source of iron and relat¬ 
ed elements in the universe, including on Earth. Four occur ev¬ 
ery 1,000 years on average in a galaxy such as the Milky Way, 

Before supersoft sources were discovered, astronomers were 
unsure as to the precise sequence that led to type la super¬ 
novae. The leading explanations implicated either certain sym¬ 
biotic stars—in particular, the rare recurrent novae—or merg¬ 
ers of two carbon-rich white dwarfs. But the latter view is now 
disputed. No double-dwarf system with the necessary mass 
and orbital period has ever been seen, and recent calculations 
by Nomoto and his colleague Hadeyuki Saio have shown that 
such a merger would be too gentle to produce a thermonuclear 
explosion. Supersoft sources and other surface-burning dwarfs 
may be the solution. Their death rate roughly marches the ob¬ 
served supernova frequency. The concordance makes the lumi¬ 
nous supersoft binary x-ray sources the first firmly identified 
class of objects that can realistically be expected to end their 
lives as type la supemovae. 

This new realization may improve the accuracy of cosmolog¬ 
ical measurements that rely on these supernovae to determine 
distance [see “Surveying Space-time with Supemovae,” by 
Craig J. Hogan, Robert R Kirshner and Nicholas B. Suntzeff; 
Scientific American, January]. Subtle variations in bright¬ 
ness can make all the difference between conflicting conclu¬ 
sions concerning the origin and fare of the universe. The worry 
for eosmologists has always been that slight systematic errors— 
the product, perhaps, of astronomers’ incomplete understand¬ 
ing of the stars that go supernova—could mimic real varia¬ 
tions. The implications of the supersoft findings for cosmology, 
however, ha ve yet to be worked out. 

When supersoft sources were first detected, nobody expected 
that the research they provoked would end up uniting so many 
phenomena into a single coherent theory. Now it is clear that a 
once bewildering assortment of variable stars, novae and su- 
pemnvae are ail variants on the same basic system: an ordinary 
star in orbit around a reanimated white dwarf. The universe 
seems that much more comprehensible. El 
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by Richard S. Cooper, Charles N. Rod mi and Ryk Ward 


early all Americans undergo a 
steady rise in blood pressure with 
age. Almost 25 percent cross the 
line into hypertension, the techni¬ 
cal term for chronically high blood pressure. This condi¬ 
tion, in turn, can silently contribute to heart disease, stroke 
and kidney failure and thus plays a parr in some 500,000 
deaths every year For black Americans, the situation is 
even more dire: 35 percent suffer from hypertension. 
Worse, the ailment is particularly deadly in this population. 


TCH3AM LEHMANN PtterArnold, Jnc 
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Genes are often invoked to account for why high blood pressure is so 
common among African-Americans. Yet the rates are low in Africans. 
This discrepancy demonstrates how genes and the environment interact 


accounting for 20 percent of deaths among blacks in the 
U.S —twice the figure for whites. 

One popular explanation of this disparity between blacks 
and whites holds that people of African descent are “intrinsi¬ 
cally susceptible’ 1 to high blood pressure because of some 
vaguely defined aspect of their genetic makeup. This conclu- 


comes the underlying cause for the presence of a disease* 
rather than being recognized as a proxy for many other vari¬ 
ables (along the lines of* say, socioeconomic starns) that 
influence the course of a disorder. 

We suggest that a more fruitful approach to understanding 
the high levels of hypertension among African-Americans 


sion is not satisfying. Indeed, the answer troubles us, for as 


would begin by abandoning conventional hypotheses about 


we will show, it does not reflect the available evidence accu¬ 
rately. Instead such reasoning appears to follow from the 
racialized character of much public health research, which at 
times defaults to reductionist interpretations that emphasize 
the importance of racial or genetic characteristics. Race be- 


INODENCE OF HYPERTENSION, or chronic high blood pres¬ 
sure, was assessed by the authors in Africans as well as in people of 
African descent in the U*S, and the Caribbean* The rate dropped 
dramatically from the U,S. across the Atlantic to Africa (graph) t 
and the difference was most pronounced between urban African- 
Americans (helow, right) and rural Nigerians (below, left). The 
findings suggest that hypertension may largely be a disease of mod¬ 
ern life and that genes alone do not account for the high rates of 
hypertension in African-Americans, 
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What Pressure Readings Mean 



B lood pressure is measured with a sphygmomanometer, which gives a read- 
ing of two numbers: systolic and diastolic pressure. The systolic reading in¬ 
dicates the maximum pressure exerted by the blood on the arterial walls; this 
high point occurs when the left ventricle of the heart contracts, forcing blood 
through the arteries. Diastolic pressure is a measure of the lowest pressure on 
the blood vessel walls and happens when the left ventricle relaxes and refills 
with blood. Healthy blood 
pressure is considered to be 
around 120 millimeters of 
mercury systolic, 80 millime¬ 
ters of mercury diastolic (usu¬ 
ally presented as 120/80). 

Many people can experi¬ 
ence temporary increases in 
blood pressure, particularly 
under stressful conditions. 

When blood pressure is con¬ 
sistently above 140/90, how¬ 
ever, physicians diagnose 
hypertension. The disorder 
can generally be managed 
with the help of special di¬ 
ets, exercise regimens and 
m ed teat ion. —The Editors 


race. It would acknowledge that hyper¬ 
tension arises through many different 
pathways, involving complex interac¬ 
tions among external factors (such as 
stress or diet), internal physiology (the 
biological systems that regulate blood 
pressure) and the genes involved in 
controlling blood pressure. Only by 
teasing out the connections among all 
three tiers of this model will scientists 
truly comprehend how high blood 
pressure develops. This knowledge will 
then enable researchers to return suc¬ 
cessfully to the questions of why the 
disorder is so prevalent among African- 
Americans and how best to intervene 
for all patients. 

One strategy for clarifying the rela¬ 
tive significance of different environ¬ 
mental factors would be to hold con¬ 
stant the genetic background of people 
in distinct environments and focus on 
the variations in their living conditions 
or behavior. This kind of experiment is 
impossible to do perfectly, particularly 
when vast numbers of Americans have 
at least one, and frequently several, of 
the known behavioral risk factors for 
developing high blood pressure: being 
overweight, eating a high-salt diet, suf¬ 
fering long-term psychological stress. 


being physically inactive and drinking 
alcohol to excess. In a way, the situa¬ 
tion is analogous to trying to identify 
the causes of lung cancer in a society 
where everyone smokes; without hav¬ 
ing nonsmokers for a comparison 
group, researchers would never know 
that smoking contributes so profoundly 
to lung cancer. 

Lessons from the Past 

O ur solution to this dilemma was to 
turn to Africa. In 1991 we initiat¬ 
ed a research project concentrated on 
the African diaspora, the forced migra¬ 
tion of West Africans between the 16th 
and 19th centuries. In this shameful 
chapter of world history, European 
slave traders on the west coast of Africa 
purchased or captured an estimated 10 
million people and transported them to 
the Caribbean and the Americas, where 
dicy gradually mixed with Europeans 
and Native Americans. Today their de¬ 
scendants live throughout the Western 
Hemisphere. 

Scientists have known for some time 
that the rate of hypertension in rural 
West Africa is lower than in any other 
place in the world, except for some 


parts of the Amazon basin and the 
South Pacific. People of African descent 
in the U,5. and the U.K., on the other 
hand, have among the highest rates of 
hypertension in the world. This shift 
suggests that something about the sur¬ 
roundings or way of life of European 
and American blacks—rather than a ge¬ 
netic factor—was die fundamental 
cause of their altered susceptibility to 
high blood pressure. 

To elucidate what was triggering hy¬ 
pertension among these people, we es¬ 
tablished research facilities in commu¬ 
nities in Nigeria, Cameroon, Zimba¬ 
bwe, St. Lucia, Barbados, Jamaica and 
the U.S. As the project progressed, we 
focused our attention on Nigeria, Ja¬ 
maica and the U.S. as the three coun¬ 
tries that allow us, in a sense, to capture 
the medical effects of the westward 
movement of Africans from their native 
lands. We conducted testing of ran¬ 
domly sampled people at each location 
to determine the general prevalence of 
both hypertension and its common risk 
factors, such as eating a high-salt diet 
or being obese or physically inactive. 

As might be expected, the differences 
between the three societies are vast. 
The Nigerian community we surveyed, 
with the help of colleagues at the Uni¬ 
versity of Ibadan Medical School, is a 
rural one in the district of Igbo-Ora, 
Polygamy is a common practice there, 
so families tend to he complex and 
large; on average, women raise five 
children. The residents of Igbo-Ora are 
typically lean, engage in physically de¬ 
manding subsistence farming and eat 
the traditional Nigerian diet of rice, tu¬ 
bers and fruit. 

Nations in sub-Saharan Africa do not 
keep formal records on mortality and 
life expectancy, but based on local stud¬ 
ies, we assume that infection, especially 
malaria, is the major killer. Our re¬ 
search revea led that adults in Igbo-Ora 
have an annual mortality risk of be¬ 
tween I and 2 percent—high by any 
Western standard. Those who do sur¬ 
vive to older ages tend to be quite 
healthy. In particular, blood pressure 
does not rise with age, and even though 
hypertension does occur, it is rare. (We 
were pleased that we could coordinate 
with the established medical personnel 
in the region to treat those patients who 
did suffer from hypertension.) 

Jamaica, in contrast, is an emerging 
industrial economy in which the risk of 
infectious disease is very low but the 
levels of chronic disease are higher than 
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in Nigeria* The base of operations for 
our team was Spanish Town, the origi- 
nal colonial capital of Jamaica* A 
bustling city of 90,000 people, Spanish 
Town features a cross section of Ja¬ 
maican society. Investigators at the 
Tropical Metabolism Research Unit of 
the University of the West Indies, Mona 
Campus, led the project* 

The family structure in Jamaica has 
evolved away from the patriarchy of 
Africa. Women head a significant num¬ 
ber of households, which are generally 
small and often fragmented. Chronic 
unemployment has tended to mar¬ 
ginalize men and lower their social po¬ 
sition. Farming and other physically de¬ 
manding occupations are common; res¬ 
idents' diets include a blend of local 
foodstuffs and modern commercial 
products. Despite widespread poverty, 
life expectancy in Jamaica is six years 
longer than it is for blacks in the U.5. 
because of lower rates of cardiovascu¬ 
lar disease and cancer. 

In the metropolitan Chicago area, we 
worked in the primarily African-Ameri¬ 
can city of Maywood. Many of the old¬ 
er adults in this community were bom 
in the southern U.S*, primarily in Mis¬ 
sissippi, Alabama or Arkansas* Interest¬ 
ingly, the northern migration seems to 
have greatly improved both the health 
and the economic standing of these peo¬ 
ple. Unionized jobs in heavy industry 
provide the best opportunities for men, 
whereas women have been integrated 
into the workforce across a range of job 
categories. The prevailing diet is typical 
American fare: high in fat and salt. The 
generation now reaching late adult- Q 
hood has enjoyed substantial increases g 
in life expectancy, although progress has ^ 
been uneven in the past decade. S 

x 

Similarities and Differences ti 

£ 
\— 

ven as we sought out these exam- § 
pies of contrasting cultures, we cc 
were careful to make sure the people 
we studied had similar genetic back¬ 
grounds* We found that the American 
and Jamaican blacks who participated 
shared, on average, 75 percent of their 
genetic heritage with the Nigerians* 
Against this common genetic back¬ 
ground, a number of important differ¬ 
ences stood out. 

First, the rates of hypertension: just 7 
percent of the group in rural Nigeria 
had high blood pressure, with increased 
rates noted in urban areas* Around 26 
percent of the black Jamaicans and 33 


percent of the black Americans sur¬ 
veyed were either suffering from hyper¬ 
tension or already taking medication to 
lower their blood pressure. In addition, 
certain risk factors for high blood pres¬ 
sure became more common as we 
moved across the Atlantic. Body mass 
index, a measure of weight relative to 
height, went up steadily from Africa to 
Jamaica to the U*S*, as did average salt 
intake* Our analysis 
of these data sug¬ 
gests thar being 
overweight, and the 
associated lack of 
exercise and poor 
diet, explains be¬ 
tween 40 and 50 
percent of the increased risk for hyper¬ 
tension that African-Americans face 
compared with Nigerians. Variations in 
dietary salt intake are likely to con¬ 
tribute to the excess risk as well* 

The African diaspora has turned out 
to he a powerful tool for evaluating the 
effects of a changing society and envi¬ 
ronment on a relatively stable gene 
pool. Our study also raises the question 
of whether rising blood pressure is a 
nearly unavoidable hazard of modern 


life for people of all skin colors* The 
human cardiovascular system evolved 
in the geographic setting of rural Africa 
in which obesity was uncommon, salt 
intake was moderate, the diet was low 
in fat, and high levels of physical activi¬ 
ty were required. The life of subsistence 
farmers in Africa today has not, at least 
in these respects, changed all that 
much. We see that for people living this 


way, blood pressure hardly rises with 
age and atherosclerosis is virtually un¬ 
known. As a result, the African fanners 
provide epidemiologists with a reveal¬ 
ing control group that can be compared 
with populations living in more mod¬ 
ernized societies. 

It is disquieting to recognize that a 
modest shift from these baseline condi¬ 
tions leads to sizable changes in the risk 
for hypertension* For instance, blood 
pressures are substantially higher in the 
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BODY MASS INDEX, or BMI, measures a person's weight-ro-height ratio; a BMJ over 
25 is generally considered a sign of being overweight. In the authors 1 study of people of 
African descent, a low average BMI in a population corresponded to a low rate of hyper¬ 
tension in that community* As average BMI increased, so did the prevalence of hyperten¬ 
sion* The findings support the view that obesity contributes to high blood pressure* 
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The African diaspora has turned out to he 
a powerful tool for evaluating the effects 
of a changing society and environment. 
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city of Ibadan, Nigeria, than in nearby 
rural areas, despite small differences in 
the groups 1 overall levels of obesity and 
sodium intake. Other variables, such as 
psychological stress and lack of physi¬ 
cal activity, may help account for this 
increase. 

Psychological and social stresses are 
extremely difficult to measure, especial¬ 
ly across cultures. Yet there is little dis¬ 
pute that blacks in North America and 
Europe face a unique kind of stress— 
racial discrimination. The long-term ef¬ 
fects of racism on blood pressure re¬ 
main unknown; however, it is worth 
noting that blacks in certain parts of 
the Caribbean, including Trinidad, 
Cuba and rural Puerto Rico, have aver¬ 
age blood pressures that are nearly the 
same as those of other racial groups. 
Although this is no mote than conjec¬ 


ture, perhaps the relationships among 
races in those societies impose fewer in¬ 
sults on the cardiovascular system than 
those in the continental U.S. do. 

Environment at Work 

A epidemiologists, we want to move 
beyond these descriptive findings 
of what might increase people’s risk 
for hypertension and examine more 
closely how environmental and biologi¬ 
cal risk factors interact to produce the 
disease. Physiologists have not yet un¬ 
covered every detail of how the body 
regulates blood pressure. Nevertheless, 
they know that the kidneys play a key 
role, by controlling the concentration in 
the bloodstream of sodium ions (de¬ 
rived from table salt—sodium chlo¬ 
ride-in the diet), which in turn influ¬ 


ences blood volume and blood pressure. 

Having evolved when die human diet 
was habitually low in sodium, the kid¬ 
neys developed an enormous capacity to 
retain diis vital ion. As these organs filter 
waste from the blood, they routinely 
hold on to as much as 98 percent of the 
sodium that passes through, then even¬ 
tually return the ion to the bloodstream. 
When doused with sodium, however, the 
kidneys will excrete excessive amounts 
into the blood, thereby elevating blood 
pressure. Too much salt in the kidneys 
can also harm their internal filtering 
mechanism, leading to a sustained rise in 
pressure. 

As a gauge of how well the organs 
were modulating the body’s sodium 
balance in our patients, we decided to 
measure the activity of an important 
biochemical pathway that helps to reg- 



The RAAS Pathway 


This biochemical pathway, otherwise known as the renin-angiotensin- 
aldosterone system, influences blood pressure. People with a highly 
active system typically suffer from high blood pressure. 


ANGIOTENSINOGEN 


LIVER 


Angiotensinogen is produced 
continuously by the liver. 


ANGlOTENSfN II 


BLOODSTREAM 


Renin is released by 
the kidneys in response 
to stress—either physio¬ 
logical, such as exercise 
or changes in diet, or 
emotional. 


ANGIOTENSIN I 


LUNG 


Angiotensin I results from the reac¬ 
tion of angiotensinogen and reni n. 
When blood carrying angiotensin I 
passes through the lungs, it reacts 
with the enzyme ACE. 
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ulare blood pressure. Known as the 
renin -a ng iote ns in-aldoster one system, 
or RAAS, this intricate series of chemi¬ 
cal reactions (named for three of the 
compounds involved) has the net effect 
of controlling the amount of the pro¬ 
tein angiotensin II present in the blood¬ 
stream, Angiotensin II performs a range 
of functions, such as prompting the 
constriction of blood vessels, which 
causes a rise in blood pressure, and trig¬ 
gering the release of another crucial 
chemical, aldosterone, which induces 
an increase in the reuptake of sodium 
by the kidneys. In short, a highly active 
RAAS pathway should correlate with 
elevated blood pressure. 

As a convenient method for tracing 
the activity of RAAS In our patients, we 
measured the amount of the compound 
angiotensinogen—one of the chemicals 



ADRENAL GLANDS 


5 

Aldosterone tells the 
kidney to take up salt 
and water from the 
bloodstream, thereby 
raising blood pressure. 


4 

Angiotensin II results from the reaction of an¬ 
giotensin land ACE Angiotensin II has two 
primary effects. It prompts the adrenal glands 
to release aldosterone, and it causes smooth 
muscle in blood vessels to contract, which 
raises blood pressure. 



involved iti the first step of RAAS [see 
illustration below ]—present in blood 
samples. One advantage to measuring 
angiotensinogen is that unlike other, 
short-lived compounds in the pathway, 
it circulates at a relatively constant level 
in the bloodstream. 

As expected, we found that in general 
the higher angiotensinogen levels arc, the 
higher blood pressure is 1 lively to 
be, although this association is 
not as strong for women (varia¬ 
tions in estrogen also appear to 
affect a woman's blood pres¬ 
sure). Furthei; the average level 
of angiotensinogen for each 
group we studied increased 
substantially as we moved 
from Nigeria to Jamaica to the 
U.S., just as the rate of hyper¬ 
tension did; that pattern was found in 
both men and women. 

Our results suggest that some of the 
risk factors for hypertension might pro¬ 
mote the disorder by elevating levels of 
angiotensinogen in the blood. Obesity, 
in particular, may contribute to chronic 
high blood pressure in this way. Exces¬ 
sive body fat, for instance, has been 
shown to correspond to an elevation in 
an individual’s circulating level of an¬ 
giotensinogen. And the incidence of 
obesity rose more or less in parallel with 
levels of hypertension and angiotensino¬ 
gen in our study groups. Correlations 
do not necessarily prove causality, of 
course, but the collected findings do 
hint that obesity promotes hyperten¬ 
sion at least in part by leading to en¬ 
hanced angiotensinogen production. 

Clues in the Genes 

G enetic findings seem to lend some 
support to a role for excess an¬ 
giotensinogen in the development of 
hypertension. Scientists have found that 
some people carry certain variations of 
the gene for producing angiotensinogen 
(these variations in genes are known as 
alleles) that give rise to elevated levels 
of die protein, hitriguingly, people with 
these alleles tend to have a higher risk 
of developing high blood pressure. 

Several years ago researchers at the 
University of Utah and the College de 
France in Paris reported that two alleles 
of the angiotensinogen gene, known as 
235T and 174M, correlated with high 
levels of circulating angiotensinogen—as 
well as with hypertension—among peo¬ 
ple of European descent. The scientists 
do not know, however, whether these 


alleles themselves play a part in control¬ 
ling angiotensinogen levels or are mere¬ 
ly markers inherited along with other 
aOeles that have more of an effect. 

We must emphasize that identifi¬ 
cation of a gene associated with greater 
susceptibility to hypertension is not equiv¬ 
alent to finding the cause of the condi¬ 
tion. Nor is it equivalent to saying that 


certain groups with the gene are fated 
to become hypertensive. Investigators 
have determined that genetic factors ac¬ 
count for 25 to 40 percent of the vari¬ 
ability in blood pressure between peo¬ 
ple and that many genes—perhaps as 
many as 10 or 15—can play a part in 
this variation. Those numbers indicate, 
then, that an isolated gene contributes 
only about 2 to 4 percent of the differ¬ 
ences in blood pressure among people. 
And whether genes promote the devel¬ 
opment of hypertension depends con¬ 
siderably on whether the environmen¬ 
tal influences needed to “express” those 
hypertension-causing traits are present. 

Our own genetic findings seem to il¬ 
lustrate this point. In a quite perplexing 
discovery, we found that the 235T allele 
is twice as common among African- 
Americans as it is among European- 
Americans but that blacks with this 
form of the gene do not seem to he at 
an increased risk for hypertension 
compared with other blacks who do 
not carry the gene. Among the Nigeri¬ 
ans in our study, we did see a modest 
elevation in levels of angiotensinogen 
in those with the 235T gene variant; 
again, however, this factor did not 
translate into a higher risk for hyper¬ 
tension. Furthermore, 90 percent of the 
Africans we tested carried the 23 5T al¬ 
lele, yet the rate of hypertension in this 
community is, as noted earlier, extreme¬ 
ly low. (The frequency of the 174M al¬ 
lele was equivalent in all groups.) 

It may well be that high angiotensino¬ 
gen levels are not sufficient to trigger hy¬ 
pertension in people of African descent; 
rather other factors—genetic, physiolog¬ 
ical or environmental—may also be 
needed to induce the disorder. Alrerna- 


The destructive effects of racism 
complicate any study of how 
a disease such as hypertension 
affects minority groups. 
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tively, this particular allele 100 
may not be equally impor¬ 
tant in the development of 
hypertension for all ethnic 
groups* 

Pieces of the Puzzle 

A lthough our results re¬ 
peal at least one aspect 
of how nurture may inter¬ 
act with nature to alter 
a person's physiology and 
thereby produce hyperten¬ 
sion, the findings also high¬ 
light the pitfalls of making 
sweeping generalizations. 

Clearly, no single allele and 
no single environmental fac¬ 
tor can explain why hyper¬ 
tension occurs and why it 
is so common in African- 
Americans* An individual 
with a given mix of alleles 
may be susceptible to high 
blood pressure, but as our 
research on the African diaspora empha¬ 
sizes, that person will develop hyperten¬ 
sion only in a certain setting* The con¬ 
tinuing challenge for researchers is to 
isolate specific genetic and environmen¬ 
tal effects on hypertension and then put 
the pieces back together to determine the 
myriad ways these factors can conspire 
to cause chronic elevations of blood 
pressure. 

Hypertension currently accounts for 
approximately 7 percent of all deaths 
worldwide, and this figure will no doubt 
increase as more societies adopt the habits 
and lifestyle of industrial nations* There is 
no returning to our evolutionary horne¬ 
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RATES OF A PARTICULAR GENE VARIANT—235T-and of hy¬ 
pertension in different ethnic groups yield a puzzling picture* Scien¬ 
tists expected chat people who carried 235T would have a high inci¬ 
dence of hypertension* Yet that association has not held true univer¬ 
sally, For instance, 235T is very common in Nigerians, in whom high 
blood pressure is rare* The findings suggest that a single gene cannot 
control the development of high blood pressure* 


land, so science must lead ns forward to 
another solution. The sanitary revolution 
was born of the awareness of contagion. 
Heart disease became a tractable problem 
when researchers recognized the impor¬ 
tance of lifetime dietary habits on choles¬ 
terol metabolism. Prevention and treat¬ 
ment of hypertension will require a fuller 
appreciation of how genes and the envi¬ 
ronment join forces to disrupt blood pres¬ 
sure regulation. 

We also believe that to understand 
hypertension in African-Americans bet¬ 
ter, the scientific co mmuni ty should 
reevaluate what the ethnic and racial di¬ 
visions of our species mean. Many disci¬ 


plines hold that there is no 
biological basis to the con¬ 
cept of race; instead they 
view it as a reflection of so¬ 
cietal distinctions rather 
than readily defined scien¬ 
tific ones. Physical anthro¬ 
pologists, for instance, 
long ago ceased their at¬ 
tempts to classify Homo 
sapiens into various races, 
or subspecies. The disci¬ 
plines of medicine and epi¬ 
demiology, however, con¬ 
tinue to ascribe biological 
meaning to racial designa¬ 
tions, arguing that race is 
useful not only for distin¬ 
guishing between groups 
of people hut also for ex¬ 
plaining the prevalence of 
certain disorders. Yet the 
racial classifications they 
incorporate in their studies 
are not based on rigorous 
scientific criteria but in¬ 
stead on bureaucratic categories, such 
as those used in the U.5. census. 

As researchers grapple with the scien¬ 
tific import of race, its societal meaning 
must not be forgotten. We live in a 
world in which racial designations as¬ 
sume unfortunate significance. The de¬ 
structive effects of racism complicate any 
study of how a disease such as hyperten¬ 
sion affects minority groups. But as we 
continue to explore the complex interac¬ 
tions between external risk factors, such 
as stress and obesity, and the genes asso¬ 
ciated with the regulation of blood pres¬ 
sure, the results should offer guidance 
for all of us, regardless of skin color, E3 
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High Blood Pressure 

O ne frequently cited—but controversial—explanation 
for the prevalence of chronic high blood pressure 
among U.S. blacks has to do with the voyage from Africa to 
America on slave ships, known as the Middle Passage. During 
such trips, the proposal goes, the slaves were placed in a Dar¬ 
winian "survival-of-the-fittest" situation, in which staying 
alive depended on having the right genes—genes that now 
might confer an increased risk for high blood pressure. 

Scientists often invoke evolutionary theory to account for 
why a certain racial or ethnic group appears to be at greater 
risk for a particular condition. The argument usually proceeds 
as follows: The population experienced a so-called selective 
pressure that favored the survival of some members of the 
group (and their genes) while eliminating others. If the remain¬ 
ing population did not mix genes with other racial or ethnic 
groups, certain genetic traits would begin to appear with in¬ 
creasing frequency. Assuming that African-Americans have a 
genetic predisposition to hypertension, evolutionary theorists 
ask, what was the unique, extreme selective pressure that led 
to this harmful trait becoming so common? 

Some researchers suggest that the brutal voyage in slave 
ships was exactly this kind of event. Not surprisingly, slaves had 
extraordinarily high death rates before, during and after com¬ 
ing to American plantations. Many of the deaths were related to 
what doctors call salt-wasting conditions—diarrhea, dehydra¬ 
tion and certain infections. Thus, the ability to retain salt might 
have had a survival value for the Africans brought to America, 
Under modem conditions, however, retaining salt would pre¬ 
dispose the descendants of those people to hypertension. 

Despite its immediate appeal, the slavery hypothesis is, in our 
view, quite problematic and has unfortunately been accepted 
uncritically. The historical framework for this hypothesis has been 
questioned by scholars of African history. For instance, there is 
no strong historical evidence that salt-wasting conditions were, 
in fact, the leading cause of death on slave ships. Africans on 
board these ships died for a variety of reasons, among them tu¬ 
berculosis (not a salt-wasting infection) and violence. 
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and the Slave Trade 

The biological basis for the theory is also rather weak. Diar¬ 
rhea and other salt-wasting diseases, particularly in children, 
have been among the most deadly killers for every population 
over humankind's entire evolutionary history. Any resulting 
selective pressures caused by such conditions would there¬ 
fore apply to ail racial and ethnic groups. And at least in the 
Caribbean during the 18th century, whites had little better 
survival rates than the slaves did—again indicating that any 
evolutionary pressure was not limited to Africans, Finally, cur- 
rent data suggest that Africans who have moved to Europe in 
the past several decades also have higher blood pressure than 
whites do, pointing to either environmental effects or some¬ 
thing general in the African genetic background 

R esearchers do not yet know enough about the genes for 
salt sensitivity to test the Middle Passage hypothesis di¬ 
rectly. But some indirect evidence is informative. If the Middle 
Passage functioned as an evolutionary bottleneck, it should 
have reduced both the size of the population and the genetic 
variability within it because only people with a very specific 
genetic makeup would survive. The data available, however, 
show a great deal of genetic diversity—not uniformity—among 
African-Americans. 

The problem with the slavery hypothesis is that it provides a 
short-cut to a genetic and racial theory about why blacks have 
higher rates of hypertension. The responsive chord it strikes 
among scholars and the general public refleas a willingness 
to accept genetic explanations about the differences between 
whites and non whites without fully evaluating the evidence 
available. That attitude is obviously a significant obstacle to 
sound, unbiased research. As genetic research becomes more 
objective, with the ability to measure actual variations In DNA 
sequences, it might force society to abandon racial and ethnic 
prejudices, or it might offer them new legitimacy. Which out¬ 
come occurs will depend on how well scientists interpret the 
findings within a context that takes into account the complex¬ 
ities of society and history. — RS.C, CN.R. and R. W, 
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Color morphs of Tropheus duboist 
live in separate rock piles 
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he waters of Lake Tanganyika are clear, 
dark and deep, but the shallow, sunlit 
edges are where most of the cichlids live. 
Brown or green Eretmodus algae scrapers, cov¬ 
ered with blue spots, thrive among the breaking 
waves; the turbulent water pushes their rounded 
backs onto the rock surfaces instead of pulling 


them off. These fish nip algae off the rocks with 
their chisel-like teeth. Their neighbors the Tangan- 
icodus insect pickers also have round backs. Bur 
rhe pointed heads, sharp snouts and long, fine 
teeth of these cichlids are adapted to plucking in¬ 
sect larvae from within the crevices. 

In calmer waters, old snail shells are strewn on 
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sandy shelves between the boulders* Inside these 
live tiny Lamprologus cichlids, along with 

their eggs and young* The yellow, green or brown 
males are too large to enter the abode. Instead 
they steal shells—sometimes with females inside— 
from one another, and posture and preen around 
their harems. 


Other algae scrapers, of the genus Tropheus, also 
hover among sheltering rocks. Sometimes a cluster 
of boulders is separated from another by a sandbank 
a few hundred feet wide, far too exposed for a small 
fish to cross safely. As a result, Trapheus cichlids in 
scattered rock piles have evolved much like Charles 
Darwin's finches on islands of die Galapagos: di- 
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EAST AFRICAN LAKES Tanganyika, Malawi and Victoria contain 
the greatest diversity of cichlid species. The family is spread, howev¬ 
er, over the warm waters of much of the globe. 


verging wildly in their isolation. In a certain rock 
outcrop one might find a black Tropheus with verti¬ 
cal yellow bars; in another, an identical fish but for 
white and blue bars. In all, researchers have iden¬ 
tified almost 100 of these “color morphs.” 




CICHLID ANATOMY is astonishingly adaptable. 
Teeth of Cichlasoma citrimllunt can take the form 
of sharp piercers (#) or flat crushers (fc). The radio¬ 
graph (c) shows the two sets of jaws of a cichlid. 


All in the Family 

T he exceptional diversity of the family Cichlidae 
has elevated it to the status of an icon in text¬ 
books of evolutionary biology. Cichlids are spiny- 
rayed freshwater fishes that come in a vast assort¬ 
ment of colors, forms and habits. They are indige¬ 
nous to warm rivers and lakes in Africa, Madagascar, 
sourhem India, Sri Lanka and South and Central 
America—with one species, the Texas cichlid, mak¬ 
ing it into North America. Most of these regions 
were part of the ancient southern continent of 
Gondwana, which fragmented 180 million years 
ago; the observation suggests an ancient lineage for 
the family. (Curiously, the fossil record is silent on 
this issue until the past 30 million years.) 

Research by one of us (Stiassny) has identified 
15 species of cichlids in Madagascar, and three spe¬ 
cies are known in south¬ 
ern India. These fishes ap- 
pear to be survivors from 
the very earliest lineages. 
(Many such ancient spe¬ 
cies survive in Madagas¬ 
car, which their competi¬ 
tors, evolving in Africa, 
could not reach; India, 
too, was isolated for mil¬ 
lions of years.) The Amer- 
I ica s conta i n a ppro xima te - 
ly 300 species. But by far 
the most abundant di¬ 
versity of cichlids occurs 
in Africa, in particular the 
great East African lakes 
of Victoria, Malawi and 
Tanganyika. 

Geologic data indicate 
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that Lake Victoria, shaped like a saucer the size 
of Ireland, formed between 250,000 and 
750,000 years ago; it contains more than 400 
species of cichlids* Lakes Malawi and Tanganyika 
are narrow and extremely deep, for they fill the rift 
between the East African and Centra! African tec¬ 
tonic plates, Malawi is about four million years 
old and contains 300 to 500 cichlid species, 
whereas Tanganyika is nine to 12 million years old 
and has some 200 species. It turns out, however, 
that despite the advanced age of the cichlid family 
and of their native lakes, their amazing variety 
arose only in the past few million years. 

Several factors arc believed to lie behind the di- 
versity of cichlids. One has to do with anatomy. 
Cichlids possess two sets of jaws: one in the mouth, 
to suck, scrape or bite off bits of food, and another 
in the throat, to crush, macerate, slice or pierce the 
morsel before it is mgested. They are the only fresh¬ 
water fishes to possess such a modified second set 
of jaws, which are essentially remodeled gill arches 
(series of bones that hold the gills). Both sets of jaws 
are exceedingly manipulable and adaptable: one of 
us (Meyer) has shown that they can change form 
even within the lifetime of a single animal. (Even 
the teeth might transform, so that sharp, pointed 
piercers become flat, molarlike crushers.) Cichlids 
that are fed one kind of diet rather than another 
can turn out to look very different. 

The two sets of jaws, fine-tuned according to 
food habits, allow each species to occupy its own 
very specific ecological niche. In this manner, hun¬ 
dreds of species can coexist without directly com¬ 
peting. If instead these cichlids had tried to exploit 
the same resources, most would have been driven 
to extinction. 

One instance of such feeding specialization re¬ 
lates to the scale eaters. These cichlids, found in all 
three East African lakes, approach other cichlids 
from behind and rasp a mouthful of scales from 
their sides. Lake Tanganyika has seven such spe¬ 
cies, in the genus Perissodus. Michio Hori of Ky¬ 
oto University discovered that P. microlepts scale 



FERTILIZATION of Ophihalmotilapta t 'entrails 
eggs involves an unusual routine. The female lays an 
egg and takes it up in her mouth for safekeeping (left); 
the male then releases sperm at the same site. Yellow 
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eaters exist in two distinct forms, sporting heads 
and jaws curved either to the right or to the left. 
The fish not only feed on scales, and only on 
scales, but are specialized to scrape scales off only 
one side: the left-handed fish attack the right sides 
of their victims, and the right-handed ones the left 
sides. This astonishing asymmetry in morphology 
even within the same species very likely evolved 
because a twisted head allows the fish to grasp 
scales more efficiently Inside the throat, the 
scales are stacked like leaves of a book by the 
second set of jaws before being ingested as 
packets of protein. 

(The victims survive, though becoming wary 
of attackers from either side. If the population 
of left-handed scale eaters were to exceed that 
of right-handed scale eaters, however, the fish 
would become more wary of attacks from the 
right side. As a result, the right-handed scale 
eaters would have an advantage, and their 
population would increase. These forces ensure 
that die relative populations of left- and right- 
handed fish remain roughly equal.) 

Another factor that has allowed cichlids to 
exploit a variety of habitats—and again, diver¬ 
sify—is their reproductive behavior. Nothing 
sets cichlids apart from other fishes more than 
the time and energy that they invest in their 
young. All cichlids care for their broods long 
after hatching, and the protracted association 
between parents and offspring involves elabo¬ 
rate communication. Whereas the fertilized 
eggs can be guarded by a single parent, once 
the brood becomes mobile both parents are of¬ 
ten necessary. And then a fascinating assort¬ 
ment of social systems—monogamy, polyan¬ 
dry, even polygyny—come into play 

One strategy common to many cichlids is to 
hold fertilized eggs or young in their mouths. In 
this way, the fishes provide a safe haven into 
which their offspring can retreat when danger 
threatens. Moreover, the parent might graze algae 
or ingest other foods, nourishing the young inside 


its mouth. Many cichlid species will, like the cuck¬ 
oo, sneak their fertilized eggs or young in with the 
broods of other cichlid parents and thereby relieve 
themselves of the effort required to raise offspring. 

The mouth brooders lay far fewer eggs than oth¬ 
er fishes—sometimes no more than 10—and so in¬ 
vest much time and energy per offspring. Moreover, 
the total population of a mouth-brooding species is 
often small, so that a few hundred fish living in one 


spots at the tips of his ventral fins mimic the egg, and 
the female tries to collect these as well (right). In the 
process, she inhales the sperm, so that the egg is fer¬ 
tilized in her mouth. 


MOUTH BROODING is a strategy by which many dchlids ensure the sur¬ 
vival of their young. This female Nimbochromts HtHngstonii from Lake 
Malawi retrieves her young when danger threatens. 


rock outcrop might constitute a species. Any muta¬ 
tion is likely to spread faster through a small popu¬ 
lation than a large one and to lead to differentiation 
of a species. Therefore, the limited population sizes 
favored by mouth brooding may have contributed 
to the diversification of cichlids. 

In the East African lakes, males of mouth- 
brooding cichlids do not take care of offspring 
but vie with one another to fertilize the most eggs. 
Sometimes they form congregations, called leks, 
in which they dart and posture to attract females. 
A lek might consist of 20 to 50 males, but in 
some species more than 50,000 have been ob¬ 
served. Or the males—such as those of Qphthat- 
motilapia, with their flashy peacock colors— 
might construct elaborate bowers over which 
they display for females, individuals typically 
weighing about 10 ounces might move upwards 
of 25 pounds of sand and gravel in constructing a 
bower. When a female is enticed to lay a few eggs 
over his bower (she usually picks the largest), the 
male quickly fertilizes them; she then takes the 
eggs into her mouth and swims on, looking for 
another male. 

Female cichlids are often a drab gray or brown, 
but males tend to be brilliantly colored. The di¬ 
verse hues (such as those of the color morphs de- 
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scribed earlier) have probably arisen because of 
the preferences of the females. In this case, sexual 
selection, rather than pressure for physical sur¬ 
vival, seems to have driven the diversification. The 
different colors of otherwise identical fish can 
serve as a barrier separating distinct species, be¬ 
cause a female Trophem, for instance, that prefers 
yellow males will not mate with a red one. 

Secrets in the Genes 

U ntil very recently, biologists did nor know how 
these hundreds of cichlid species were related. 
Modern molecular techniques have now answered 
some of these questions and raised many others. 
Although the genetic research confirms several ear¬ 
ly hypotheses based on anatomy, it sometimes 
conflicts spectacularly with entrenched ideas. 

As initially suggested by Mutsumi Nishida of 
Fukui Prefectural University, early lineages of cich- 
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Metanochromis auratus 


Trophevs trichordi 





Ramphochromis longiceps 



Lobochsiotes fabiatus 



Pladdachromis milomo g 


DISTANTLY RELATED CICHLIDS from Lakes Tanganyika and Malawi have evolved 
to become uncannily alike by virtue of occupying similar ecological niches. They demon¬ 
strate how morphological resemblance may have little correlation with genetic closeness 
or evolutionary lineage (phylogenetic relationship). All the cichlids of Lake Malawi are 
more closely related to one another than to any cichlids in Lake Tanganyika. 


lids from West Africa first colonized Lake Tan¬ 
ganyika. The cichlids of this ancient lake are ge¬ 
netically diverse, corresponding to 11 lineages 
(that is, deriving from 11 ancestral species). Much 
later some of these fishes left the lake’s confines 
and invaded East African river systems, through 
which they reached Lakes Victoria and Malawi. 
Studies of the genetic material called mitochondri¬ 
al DNA conducted by one of us (Meyer) and our 
colleagues show that the cichlids in Lake Victoria 
are genetically very close to one another—far clos¬ 
er than to morphologically similar cichlids in the 
other two lakes. They derive almost entirely from 
a single lineage of mouth brooders. 

This scenario implies that almost identical evolu¬ 
tionary adaptations can and did evolve many times 
independently of one another. Cichlids with singu¬ 
lar anatomical features—designed to feed on other 
fish or on eggs and larvae, to nip off fins, scrape al¬ 
gae, tear off scales, crush mollusks or any of myri¬ 
ad other functions—occur in ail three 
lakes. To some of us biologists, such fea¬ 
tures had seemed so unique and so un¬ 
likely to evolve more than once that we 
had held that fishes with the same spe¬ 
cializations should be closely related. 

If that were so, the predilection to 
scrape algae (for instance) would have 
evolved only once, its practitioners hav¬ 
ing later dispersed. Bur algae scrapers in 
Lake Victoria and Lake Malawi have 
evolved independently of those in Lake 
Tanganyika, from an ancestor with 
more generalized capabilities. The genet¬ 
ic studies thus show that evolution re¬ 
peatedly discovers the same solutions to 
the same ecological challenges. 

It also appears that morphological 
characteristics can evolve at an incredi¬ 
bly uneven pace, sometimes completely 
out of step with genetic changes. Some 
of Lake Tanganyika’s species have 
physically altered very little over time— 
a number of fossil cichlids, especially 
rilapias, look very similar to their mod¬ 
ern descendants in the Like. And apart 
from their color, the Trap he us species 
remained (morphologically) almost un¬ 
changed. On the other hand, the cich¬ 
lids of Lake Victoria—w T ith their diver¬ 
sity in size, pattern and shape—evolved 
in an extremely short time span. Amaz¬ 
ingly, the lake’s more than 400 species 
contain less genetic variation than the 
single species Homo sapiens. Molecular 
docks that are roughly calibrated on 
the rate of mutations in mitochondrial 
DNA suggest that the entire assemblage 
of Lake Victoria cichlids arose within 
the past 200,000 years. 

Recent paleoclimatological data from 
Thomas C. Johnson of the University of 
Minnesota and his colleagues point to 
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an even more restricted window for the origin of 
the Victoria cichtid flock: the lake seems to have 
dried out almost completely less than 14,000 
years ago. No more than a small fraction of in¬ 
dividual cichlids, let alone species, could have 
survived such an ordeal In that case, the specia¬ 
tion rate exhibited by its cichlids is truly remark¬ 
able, being unmatched by other vertebrates. In 
addition. Lake Nabugabo s a small body of wa¬ 
ter separated from Lake Victoria by a sandbar 
that is no more than 4,000 years old, contains 
five endemic species of cichlids. These fishes are 
believed to have dose relatives in Lake Victoria, 
which differ from the former mainly in rhe 
breeding coloration of die males. Even more re¬ 
markably, it turns out that the southern end of 
Lake Malawi was dry only two centuries ago. 
Yet it is now inhabited by numerous species and 
color morphs that are found nowhere else. 

These examples, bolstered by recent DNA data 
from Lake Tanganyika, suggest a mechanism for 
the speciation of cichlids: repeated isolation. It 
appears that successive drops in the level of Lake 
Tanganyika, by as much as 2,000 feet, facilitated 
the formation of Tropheus color morphs and all 
the other rock-dwelling cichlids. Populations that 
used to exchange genes instead became isolated 
in small pockets of water. They developed inde¬ 
pendently, coming into contact once again as the 
water level rose—but could no longer interbreed, 

A Sadder Record 

I f rhe speciation rate in Lake Victoria has been 
record-breaking, so also has been the extinction 
rate. Half a century ago cichlids made up more 
than 99 percent of the lake's fish biomass; today 
they are less than 1 percent. Many of the species 
are already extinct, and many others are so re- 
duced in population that the chances of their recov¬ 
ery are minimal. The causes of this mass extinction 
can perhaps be best summarized by the HIPPO 
acronym: Habitat destruction. Introduced species, 
Pollution, Population growth and Overexploitation. 

The “nail in Victoria’s coffin" has been a vora¬ 
cious predatory fish, the giant Nile perch. It was 
introduced into the lake in rhe 1950s Ln a misguid¬ 
ed attempt to increase fishery yields. By the mid- 



FAMFLY TREE shows that cichlids of Lakes Malawi and Victoria prob¬ 
ably descended from a single lineage of mouth brooders (Haplochromi- 
ni) that escaped from Lake Tanganyika, The cichlids of the last, most an¬ 
cient, lake display the largest degree of genetic diversity. The cross sec¬ 
tions of the cones roughly indicate the number of species within a tribe. 


1980s the perch populations had exploded—and 
the abundance of cichlids had dropped by a factor 
of 10,000. Consequently, much of the Jake has be¬ 
come anoxic. Many of rhe cichlids that the perch 
fed on were algae eaters: with them gone, the dead, 
decaying algae suck oxygen from the water. And 
when they are caught by local fishers, the six-foot 
perch cannot be laid out to dry like the small rich- 
lids but must be smoked, using firewood from lo¬ 
cal forests. The resulting deforestation has led to 
rainwater carrying soil into the water, further in¬ 
creasing turbidity and anoxic conditions. 

Whatever the causes behind the alteration, the 
end result is an all too familiar picture in which a 
once vibrant community is reduced to a shadow of 
its former diversity. The extraordinary evolution¬ 
ary theater featuring Lake Victoria's cichlids is 
closing even more abruptly than it started. S3 
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Multifractal Walk 


A 


The geometry that describes the shape of 
coastlines and the patterns of galaxies 
also elucidates how stock prices 
soar and plummet 


by Benoit B. Mandelbrot 


individual investors and profes¬ 
sional stock and currency 
traders know better than ever 
that prices quoted in any financial market often 
change with heart-stopping swiftness. Fortunes are 
made and lost in sudden bursts of activity when the mar¬ 
ket seems to speed up and the volatility soars. Last Septem¬ 
ber, for instance, the stock for Alcatel, a French telecommunh 
cations equipment manufacturer, dropped about 40 percent 
one day and fell another 6 percent over die next few days. In a 
reversal, the stock shot up 10 percent on the fourth day. 

The classical financial models used for most of this century 
predict that such precipitous events should never happen, A 
cornerstone of finance is modem portfolio theory, which tries 
to maximize returns for a given level of risk. The mathematics 
underlying portfolio theory handles extreme situations with 
benign neglect: it regards large market shifts as too unlikely to 
matter or as impossible ro take into account. It ts true that 
portfolio theory may account for what occurs 95 percent of 
the time in the market. Bur the picture it presents does not 
reflect reality, if one agrees that major events are part of the 
remaining 5 percent. An inescapable analogy is that of a sailor 
at sea, ff the weather is moderate 95 percent of the time, can 
the mariner afford to ignore the possibility of a typhoon? 

The risk-reducing formulas behind portfolio theory rely on 
a number of demanding and ultimately unfounded premises. 
First, they suggest that price changes are statistically indepen¬ 
dent of one another: for example, that today’s price has no 
influence on the changes between the current price and to¬ 
morrow’s, As a result, predictions of future market move¬ 
ments become impossible. The second presumption is that all 
price changes are distributed in a pattern that conforms to 
the standard bell curve. The width of the bell shape (as mea¬ 


sured by its sigma, or standard de¬ 
viation) depicts how far price changes 
diverge from the mean; events at the ex¬ 
tremes are considered extremely rare. Typhoons 
are, in effect, defined out of existence. 

Do financial data neatly conform to such assumptions? 
Of course, they never do. Charts of stock or currency chang¬ 
es over time do reveal a constant background of small up and 
down price movements—but not as uniform as one would 
expect if price changes fit the bell curve. These patterns, how¬ 
ever, constitute only one aspect of the graph. A substantial 
number of sudden large changes—spikes on the chart that 
shoot up and down as with the Alcatel stock—stand out 
from the background of more moderate perturbations. 
Moreover, the magnitude of price movements (both large 


Modern portfolio theory poses a danger to 
those who believe in it too strongly and is 
a powerful challenge for the theoretician. 


and small) may remain roughly constant fora year, and then 
suddenly the variability may increase for an extended period. 
Big price jumps become more common as the turbulence of 
the market grows—clusters of them appear on the chart. 

According to portfolio theory, the probability of diese large 
fluctuations would be a few millionths of a millionth of a mil¬ 
lionth of a millionth, (The fluctuations are greater than 10 
standard deviations.) But in fact, one observes spikes on a reg¬ 
ular basis—as often as every month—and their probability 
amounts to a few hundredths. Granted, the hell curve is often 
described as normal—or, more precisely, as the normal distri- 
bution. But should financial markets then be described as ab¬ 
normal? Of course not—they are what they are, and it is port¬ 
folio theory that is flawed. 

Modern portfolio theory poses a danger to those who be¬ 
lieve in it too strongly and is a powerful challenge for the the¬ 
oretician. Though sometimes acknowledging faults in the 
present body of thinking, its adherents suggest that no other 
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Multifractals and the Market 


TREND L NE 


GENERATOR 


TIME 


premises can be handled through math¬ 
ematical modeling. This contention leads to the 
question of whether a rigorous quantitative description 
of at least some features of major financial upheavals can be 
developed. The bearish answer is that large market swings 
are anomalies, individual “acts of God” that present no con¬ 
ceivable regularity. Revisionists correct the questionable 
premises of modern portfolio theory through small fixes that 
lack any guiding principle and do not improve matters 
sufficiently. My own work—carried out over many years— 
takes a very different and decidedly bullish position, 

I claim that variations in financial prices can be accounted 
for by a model derived from my work in fractal geometry. 
Fractals—or their later elaboration, called muitifractals—do 
not purport to predict the future with certainty. But they do 
create a more realistic picture of market risks. Given the re¬ 
cent troubles confronting the large investment pools called 
hedge funds, it would be foolhardy not to investigate models 
providing more accurate estimates of risk. 


chart, this transforma¬ 
tion must shrink the time- 
scale (the horizontal axis) 
more than the price scale (die ver¬ 
tical axis). The geometric relation of 
the whole to its parts is said to be one of 
seif-affinity. 

The existence of unchanging properties is 
not given much weight by most statisticians. But 
they are beloved of physicists and mathematicians 
like myself, who call them invariances and are happiest 
with models that present an attractive invariance property. A 
good idea of w T hat I mean is provided by drawing a simple 
chart that inserts price changes from time 0 to a later time 1 
in successive steps. The intervals themselves are chosen arbi¬ 
trarily; they may represent a second, an hour, a day or a year. 

The process begins with a price, represented by a straight 
trend line (illustration 1)> Next, a broken line called a gener- 


1 


THREE PIECE FRACTAL GENERATOR (top) can be in 
terpolated repeatedly into each piece of subsequent charts 
(bottom three diagrams). The pattern that emerges increas¬ 
ingly resembles market price oscillations. (The interpolated 
generator is inverted for each descending piece.) 


An extensive mathematical basis already exists for fractals 
il and muitifractals. Fractal patterns appear not just in the 
price changes of securities but in the distribution of galaxies 
throughout the cosmos, in the shape of coastlines and in the dec¬ 
orative designs generated by innumerable computer programs. 

A fractal is a geometric shape that can be separated into 
parts, each of which is a reduced-scale version of the whole. 
In finance, this concept is not a rootless abstraction but a the¬ 
oretical reformulation of a down-to-earth bit of market folk¬ 
lore—namely, that movements of a stock or currency all look 
alike when a market chart is enlarged or reduced so that it 
fits the same time and price scale. An observer then cannot 
tell which of the data concern prices that change from week 
to week, day to day or hour to hour This quality defines the 
charts as fractal curves and makes available many powerful 
tools of mathematical and computer analysis. 

A more specific technical term for the resemblance be¬ 
tween the parts and the whole is self-affinity. This property is 
related to the better-known concept of fractals called self- 
similarity, in which every feature of a picture is reduced or 
blown up by the same ratio—a process familiar to anyone 
who has ever ordered a photographic enlargement. Financial 
market charts, however, are far from being self-similar. 

In a detail of a graphic in which the features are higher than 
they are wide—as are the individual up-and-down price ticks of 
a stock—the transformation from the whole to a pan must re¬ 
duce the horizontal axis more than the vertical one. For a price 
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The new modeling techniques are designed 
to cast a light of order into the seemingly 
impenetrable thicket of the financial markets. 


ator is used to create the pattern that corresponds to the up- 
and-down oscillations of a price quoted in financial markets. 
The generator consists of three pieces that are inserted (inter¬ 
polated) along the straight trend line. (A generator with fewer 
than three pieces would not simulate a price that can move up 
and down.) After delineating the initial generator, its three 
pieces are interpolated by three shorter ones. Repeating these 
steps reproduces the shape of the generator, or price curve, 
but at compressed scales. Both the horizontal axis (timescale) 
and the vertical axis (price scale) are squeezed to fit the hori¬ 
zontal and vertical boundaries of each piece of the generator. 

Interpolations Forever 

O nly the first stages are shown in the illustration, although 
the same process continues. In theory, it has no end, but in 
practice, it makes no sense to interpolate down to time intervals 
shorter than those between trading transactions, which may oc¬ 
cur in less than a minute. Clearly, each piece ends up with a 
shape roughly like the whole. That is, scale invariance is present 
simply because it was built in. The novelty (and surprise) is that 
these self-affine fractal curves exhibit a wealth of structure—a 
foundation of both fractal geometry' and the theory of chaos, 

A few selected generators yield so-called unifractal curves 
that exhibit the relatively tranquil picture of the market en¬ 
compassed by modern portfolio theory. Bur tranquillity pre¬ 
vails only under extraordinarily special conditions that are 
satisfied only by these special generators. The assumptions be¬ 
hind this oversimplified model arc one of the central mistakes 
of modern portfolio theory. It is much like a theory of sea 
waves that forbids their swells to exceed six feet. 

The beauty of fractal geometry is that it makes possible a 
model general enough to reproduce the patterns that charac¬ 
terize portfolio theory’s placid markets as well as the tumul¬ 
tuous trading conditions of recent months. The just described 
method of creating a fractal price model can be altered to 
show how the activity of markets speeds up and slows 
down—the essence of volatility. 'This variability is the reason 
that the prefix “multi-" was added to the word “fractal." 

To create a multifractal from a unifractal, the key step is to 
lengthen or shorten the horizontal time axis so that the pieces of 
the generator are either stretched or squeezed. At the same time, 
the vertical price axis may remain untouched. In iUtistmttnn 2,- 
the first piece of die unifractal generator is progressively short¬ 
ened, which also provides room to lengthen the second piece. 
After making these adjustments, the generators become multi- 
fractal (Ml to M4). Market activity speeds up in the interval of 
time represented by the first piece of the generator and slows in 
the interval that corresponds to the second piece { illustration ?)- 
Such an alteration to the generator can produce a full simula¬ 
tion of price fluctuations over a given period, using the process 
of interpolation described earlier. Each time the first piece of the 
generator is further shortened—and the process of successive in¬ 
terpolation is undertaken—it produces a chart diat increasingly 
resembles the characteristics of volatile markets ( illustration 4 }. 


The unifractal (U) chart shown here (before any shortening) 
corresponds to the becalmed markets postulated in the port¬ 
folio theorists’ model. Proceeding down the stack (Ml to 
M4), each chart diverges further from that model, exhibiting 
the sharp, spiky price jumps and the persistently large move¬ 
ments that resemble recent trading. To make these models of 
volatile markets achieve the necessary realism, the three pieces 
of each generator were scrambled—a process not shown in 
the illustrations. It works as follows: imagine a die on which 
each side bears the image of one of the six permutations of the 


2 MOVING A PIECE of the fractal generator to the left... 



.3 ... causes the same amount of market activity in a shorter time in¬ 
terval for the first piece of the generator and the same amount in a 
longer interval for the second piece.. * 
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4 ... Movement of the generator to the left causes market 
activity to become increasingly volatile. 
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Pick the Fake 


T T ow do multifractals stand up against actual records of changes in 
financial prices?To assess their performance, let us compare sev¬ 
eral historical series of price changes with a few artificial models. The 
goal of modeling the patterns of real markets is certainly not fulfilled by 
the first chart, which is extremely 
monotonous and reduces to a static back’ 
ground of small price changes, analogous 
to the static noise from a radio. Volatility 
stays uniform with no sudden jum ps. In a 
historical record of this kind, daily chap¬ 
ters would vary from one another, but all 
the monthly chapters would read very 
much alike. The rather simple second 
chart is less unrealistic, because it shows 
many spikes; however, these are isolated 
against an unchanging background in 
which the overall variability of prices re¬ 
mains constant The third chart has inter¬ 
changed strengths and failings, because it 
tacks any precipitous jumps. 

The eye tells us that these three dia¬ 
grams are unrealistically simple. Let us 
now reveal the sources. Chart 1 illus¬ 
trates price fluctuations in a model intro¬ 
duced in 1900 by French mathematician 
Louis Bachelier. The changes in prices 


follow a "random walk" that conforms to the bell curve and illustrates 
the model that underlies modern portfolio theory. Charts 2 and 3 are 
partial improvements on Bachelor's work: a model I proposed in 1963 
(based on Levy stable random processes) and one 1 published in 1965 
(based on fractional Brownian motion). 
These revisions, however, are inade¬ 
quate, except under certain special mar¬ 
ket conditions. 

In the more important five lower dia¬ 
grams of the graph, at least one is a real 
record and at least another is a computer¬ 
generated sample of my latest multifractal 
modei.The reader is free to sort those five 
lines into the appropriate categories. I 
hope the forgeries will be perceived as 
surprisingly effective. In fact, only two are 
real graphs of market activity. Chart 5 
refers to the changes in price of IBM stock, 
and chart 6 shows price fluctuations for 
the dollar-deutsche mark exchange rate. 
The remaining charts (4, 7 and 8) bear a 
strong resemblance to their two real- 
world predecessors. But they are com¬ 
pletely artificial, having been generated 
through a more refined form of my multi- 
fractal model. —B.SM 



pieces of the generator. Before each interpolation, the die is 
thrown, and then the permutation diat comes up is selected. 

What should a corporate treasurer, currency trader or oth¬ 
er market strategist conclude from all this? The discrepancies 
between the pictures painted by modern portfolio theory and 
the actual movement of prices are obvious. Prices do not vary 
continuously, and they oscillate wildly at all timescales. 
Volatility—far from a static entity to be ignored or easily 
compensated for—is at the very heart of what goes on in 
financial markets. In the past, money managers embraced the 
continuity and constrained price movements of modern port¬ 
folio theory because of the absence of strong alternatives. But 
a money manager need no longer accept the current financial 
models at face value. 

Instead multi fractals can be put to work to “stress-test" a 
portfolio- In this technique the rules underlying multifractals 
attempt to create the same patterns of variability as do the un¬ 
known rules that govern actual markets. Multi fractals de¬ 
scribe accurately the relation between the shape of the genera¬ 


tor and the patterns of up-and-down swings of prices to be 
found on charts of real market data. 

On a practical level, this finding suggests that a fractal gen¬ 
erator can he developed based on historical market data. The 
actual model used does not simply inspect what the market 
did yesterday or last week. It is in fact a more realistic depic¬ 
tion of market fluctuations, called fractional Brownian mo¬ 
tion in multifractal trading rime. The charts created from the 
generators produced by this model can simulate alternative 
scenarios based on previous market activity. 

These techniques do not come closer to forecasting a price 
drop or rise on a specific day on the basis of past records. But 
they provide estimates of the probability of what the market 
might do and allow one to prepare for inevitable sea changes. 
The new modeling techniques are designed to cast a light of or¬ 
der into the seemingly impenetrable thicket of the financial 
markets. They also recognize the mariner’s warning that, as re¬ 
cent events demonstrate, deserves to be heeded: On even the 
calmest sea, a gale may be j ust over the horizon. m 
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T he waiting was the hardest 
part. But finally it was time to 
crack some eggs. A week earlier 
we had cut a small hole in the eggshell of 
a developing chick and inserted some ge¬ 
netically engineered cells into one of the 
two tiny buds that were destined to de¬ 
velop into the embryo’s wings. We had 
engineered the cells to make a protein 
that we suspected to he one of the major 
determinants in establishing the overall 
pattern of wing development. Now was 
the moment of truth: How had the extra 
cells affected the formation of the limb? 

As we peered into the microscope to 
examine the embryo closely, we saw that 
our highest hopes had been realized. The 
transplanted cells had caused a whole 
new set of digits to form at the wing tip, 
confirming that we had identified an im¬ 
portant factor in limb development. 

This experiment, which we conducted 
in the summer of 1993, partially an¬ 
swered a question that biologists had 
posed early this century: How do the 
cells in a developing limb “know” left 
from right, top from bottom, and back 
from front? More specifically, what 
caused the digit that faces forward (ante¬ 
rior) when you hold your arms at your 


sides to form a thumb, and what caused 
the digit that faces toward the hack (pos¬ 
terior) to form a pinkie? What ensured 
that the bone of your upper arm formed 
dose (proximal) to your body while 
your fingers took shape farther away 
(distal)? And why did only those cells on 
the bottom (ventral) sides of your hands 
form creased palms, with the back (dor¬ 
sal) sides remaining smooth? 

Experimental embryologists have 
been trying to answer these questions 
for decades. Until recently, however, 
most studies have focused on identify¬ 
ing the cells that are necessary for prop¬ 
er limb development. With the advent 
of molecular biology techniques, scien¬ 
tists can now analyze the specific genes 
that direct the formation of limbs. Curi¬ 
ously, many of the genes—and the pro¬ 
teins they make—are closely related to 
others that control the development of 


the limbs of fruit flies, even though ver¬ 
tebrates and insects arc thought to have 
evolved from a common ancestor that 
lacked limbs altogether. 

Besides satisfying age-old curiosities 
about the miracle of life, such studies 
are helping researchers to understand 
how and why the processes of embry¬ 
onic development sometimes go wrong, 
resulting in birth defects. What is more, 
they are indicating that the same protein 
that establishes the anterior and posteri¬ 
or sides of developing limbs affects a 
number of other developmental pro¬ 
cesses, from the formation of the central 
nervous system to the growth of cells 
that can cause a form of skin cancer. 

One of biology’s oldest questions con¬ 
cerns whether all organisms share similar 
factors or processes that guide embryon¬ 
ic development or if each particular or¬ 
ganism or group of organisms develops 


How 

Limbs 

Develop 

A protein playfully named 
Sonic hedgehog 
is one of the long-sought 
factors that dictate 
the pattern of limb 
development 
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in a manner unique to it. It might seem 
obvious that human arms develop simi¬ 
larly to those of chimpanzees, for in¬ 
stance, bur how similar are human and 
chimpanzee arms to chicken wings? And 
does the development of mammalian 
arms have anything in common with the 
formation of the wings of flies? 

For years, biologists assumed that the 
factors that shape the developing legs of 
a future ballerina and those of a pesky 
fruit fly are very different. Any similari¬ 
ties between the two were thought to be 
simply the result of convergent evolu¬ 
tion, in which similar structures arise 
through entirely different means. But 

How Limbs Develop 


two revolutionary ideas have now 
emerged to change that line of thinking. 

First, biologists now know that the 
same or similar genes shape the develop¬ 
ment of many comparable structures 
across the spectrum of the animal king¬ 
dom, from flies to mice to humans. Near¬ 
ly every animal has a head on one end of 
its body and a tail at the other end, for 
example, because of the activity of a fam¬ 
ily of genes called the homeobox, or Hox 
genes [see “The Molecular Architects of 
Body Design,” by William McGinnis and 
Michael Kuziora; Scientific American, 
February 1994], Second, genes that di¬ 
rect die formation of one aspect of devel¬ 


HUMAN HAND AND CHICKEN 
WING are shaped by the same chemical 
signals during embryonic development. Re¬ 
searchers are now identifying the signals 
that tell cells in nascent limbs top from bot¬ 
tom, front from back and head from tail. 

opment—for instance, the sculpting of 
limbs—can also play a role in something 
as different as the formation of the ner¬ 
vous system. Nature, it seems, uses the 
same toolbox again and again to put to¬ 
gether amazingly diverse organisms. 

Chicken eggs are particularly useful for 
studying how limbs form. Since the time 
of Aristotle, scientists have known that to 
observe how a chicken embryo develops, 
one simply needs to cut a hole in the shell 
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HUMAN ARM AND CHICKEN WING (top left) 
develop similarly along all three axes: dorsal-ventral, 
anterior-posterior and proximal-distal. By manipulat¬ 
ing particular groups of cells on developing chick limb 
buds—both those that will become wings and those 
that will become legs {bottom left, top and bottom 
right )—researchers have determined which cells are 
crucial for the three axes to form properly in all verte¬ 
brates, including humans. They have also identified 
some of the proteins produced by the cells that direct 
normal embryonic limb formation. 
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of a fertilized egg. For well over 100 
years, embryologists have surgically al¬ 
tered chicken embryos through such 
small holes, then sealed the holes with 
paraffin wax (or Scotch tape, today) and 
incubated the eggs until hatching. 

Through such studies, researchers 
have observed that limbs form initially 
from buds that appear along the sides of 
the developing body. The buds consist of 
a “jacket” of outer cells, or ectoderm, 
surrounding a core of other cells called 
the mesoderm. Although early limb 


buds are nor fully organized structures, 
they contain all the information required 
to form a limb: removing an early limb 
bud and transplanting it to another site 
on an embryo results in the growth of a 
normal limb in an abnormal location. 

At these early stages of development, 
the cells in a limb bud are not “commit¬ 
ted” to becoming part of a thumb or a 
pinkie—they are in the midst of the pro¬ 
cess of becoming one or the other. Ac¬ 
cordingly, they can be poked and prod¬ 
ded to help experimenters understand 
the rules of limb development. 

In every limb bud, there are leaders 
and there are followers. Through the 
years, developmental biologists have 
determined that each axis of a develop¬ 
ing limb—anterior-posterior, proximal- 
distal and dorsal-ventral—is organized 
by distinct types of cells in distinct loca¬ 
tions in the limb hud. These cells are re¬ 
ferred to as signaling centers. 

The ectoderm, for example, will make 
only a part of the skin of the adult, bur 
it establishes the dors a l-ventral axis that 
affects the location and formation of 
each of the muscles and tendons. Scien¬ 
tists have known for years that remov¬ 
ing the ectoderm from an early limb 
bud, rotating it 180 degrees and replac¬ 
ing it causes muscles that normally de¬ 
velop on the dorsal side of a chick wing 
to end up on the ventral side, and vice 
versa. The ectoderm accomplishes this 
by sending chemical signals to the un¬ 
derlying cells that will eventually form 
the muscles and tendons. 

Beginning in the late 1940s, John W. 
Saunders, Jr,, of the State University of 
New York at Albany and his colleagues 
observed that a particular clump of ec¬ 
todermal cells at the tip of each develop¬ 
ing chick limb bud—which they termed 
the apical ectodermal ridge (AER)—is 
responsible for setting up a limb's prox¬ 
imal-distal pattern. When they removed 
this ridge of cells, only a stump of a limb 
developed; when they transplanted an 
extra clump of the cells onto an other¬ 
wise normal limb bud, it developed into 
a double limb. Moreover, the timing of 
the microsurgery determined how much 
of the limb would form and how far 
down the first limb the second limb 
would start growing. This demonstrat¬ 
ed that the AER is both necessary and 
sufficient for limb outgrowth. Further¬ 
more, because the limbs grew proximal 
structures first and distal structures later, 
the experiment showed that the AER 
regulates development along the proxi¬ 
mal-distal axis. 


Saunders and his co-workers also 
identified a second clump of cells that 
dictates the anterior-posterior axis of a 
budding limb. These cells lie just be¬ 
neath the ectoderm, along the posterior 
edge of the limb bud. When the re¬ 
searchers transplanted the cells from 
the posterior side of one chick limb bud 
to the anterior side of a second bud, 
they found that the limb formed an en¬ 
tire set of additional digits—only orient¬ 
ed backward, so that the chicken equiv¬ 
alent of our little finger faced the front. 
Because the transplanted cells not only 
induced the anterior cells to form extra 
digits but also turned, or repolarized, 
them, Saunders's group labeled the re¬ 
gion from which they took the cells the 
zone of polarizing activity (ZPA). 

In the mid-1970s Cheryll Tickle, now 
at the University of Dundee, found that 
the ZPA works in a concentration-de¬ 
pendent manner: the more cells trans¬ 
planted, the more digits duplicated. This 
evidence suggested that the ZPA func¬ 
tions by secreting a chemical signal 
called a morph ogen that becomes fainter 
as it diffuses throughout the limb bud. 
(The idea of a morphogen was first pro¬ 
posed around the turn of the century 
and greatly expanded on in the late 
1960s by Lewis Wolpert, who is now at 
University College London.) According 
to the morphogen hypothesis, anterior 
digits form from cells farthest from the 
ZPA, which are exposed to the lowest 
concentrations of the morphogen, and 
posterior digits form closer to the ZPA, 
where they are exposed to higher mor¬ 
phogen concentrations. But the identity 
of the morphogen and exactly how it 
functioned remained a mystery. 

Shape of Things to Come 

T he advent of molecular biology has 
given researchers the means to 
identify the genes involved in embryonic 
processes such as limb development. 
Once a gene is cloned—that is, once its 
DNA is isolated—it becomes a powerful 
research tool. By reading the order of 
the chemical “letters” that make up the 
genes DNA, scientists can predict the 
structure of the protein it encodes. 
Pieces of the DNA can also be used as 
probes to determine where the gene is 
active in a developing embryo and when 
it is turned on. Perhaps most important, 
once a gene is cloned, scientists can alter 
the gene’s expression, switching it on in 
places where it normally does not func¬ 
tion or shutting it off where it normally 
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would be on. By doing so, researchers 
can begin to explore die function of the 
gene during normal development. 

During the 1980s and 1990s, re¬ 
searchers studying fruit flies discovered 
that the posterior parts of the various 
segments that make up die embryonic 
fruit-fly body plan produce a protein 
that is vital for fly development. The 
protein was named hedgehog because 
fly larvae with mutations in the gene 
that encodes the protein do not develop 
normally but instead appear rolled up 
and bristly, like frightened hedgehogs. 

To determine whether a similar pro¬ 
tein might play a role in the development 
of vertebrates, we collaborated with re¬ 
searchers led by Andrew P. McMahon 
of Harvard University and Philip W Ing¬ 
ham—now at the University of Shef¬ 
field—to use probes from the fly hedge¬ 
hog gene to search for comparable genes 
in mice, chickens and fish. Between us, 
we turned up not one but three versions 
of the gene. We named them after three 
types of hedgehog: Desert hedgehog, 
for a species prevalent in North Africa; 
Indian hedgehog » after a variety indige¬ 
nous to the Indian subcontinent; and 
Sonic hedgehog, for the Sega computer 
game character found in video arcades 
worldwide. 

We discovered that all three genes ex¬ 
ist in mice, chickens and fish hut that 
each one has a different function in the 
development of those organisms. Desert 
hedgehog , for example, is important in 
sperm production because male mice 
with mutations in the gene are sterile. 
Indian hedgehog is expressed in grow¬ 
ing cartilage, where it plays a role in car¬ 
tilage development. But Sonic hedgehog 
has a truly remarkable pattern of ex¬ 
pression that suggests it functions in the 
development of other body regions as 
well. Not only is Sonic hedgehog active 
in the ZPAs of limb buds, it is also “on” 
in a region of the developing spinal cord 
that acts as a signaling center in its own 
right. In addition, it is known to prompt 
the growth of extra digits when trans¬ 
planted onto a budding limb. 

Because other scientists had found 
that the fruit-fly hedgehog protein is se¬ 
creted, we guessed that Sonic hedgehog 
might be one of the signals that shapes 
the growth of vertebrate limbs. To test 
this idea directly, we spliced the Sonic 
hedgehog gene into embryonic chick 
cells grown in the laboratory, causing 
the cells to produce the Sonic hedgehog 
protein, and then implanted the cells 
into the anterior side of a chick limb 



EMBRYONIC CHICK limb buds require 
a protein called Sonic hedgehog (dark 
shading) to develop into wings and legs 
with the proper anterior-posterior orien¬ 
tation. The protein is made along the pos¬ 
terior edge of each bud. 

bud. Just as in Saunders’s experiments, 
die transplanted cells prompted the for¬ 
mation of a duplicate set of digits that 
were oriented backward. 

Since our 1993 studies, Tickle and 
McMahon have found that purified 
Sonic hedgehog protein has the same ef¬ 
fect as the gene-spliced cells, proving 
that the protein is indeed responsible for 
establishing the anterior-posterior axis 
during vertebrate limb development. 
Moreover, Sonic hedgehog functions 
just as we would expect a morphogen 
to: high concentrations produce a full 
set of extra reverse-ordered digits, 
whereas low concentrations result in 
fewer duplicated, backward structures. 
Scientists are now studying the molecu¬ 
lar nature of this concentration effect. 

The early 1990s proved to be banner 
years for developmental biology. At 
about the same time that we and our 
collaborators were identifying Sonic 
hedgehog as the chemical signal that es¬ 
tablishes the anterior-posterior axis of a 
developing limb, others were isolating 
the factors made by cells in the AER 
that set up the proximal-distal axis. 
Working independently. Tickle, Gail R. 
Martin of the University of California at 
San Francisco, John E Fallon of the Uni¬ 
versity of Wisconsin-Madison and their 


colleagues found that the AER makes 
several proteins called fibroblast growth 
factors that tell cells in a budding limb 
how far from the body to grow. 

Tickle, Martin and Fallon deter¬ 
mined that purified fibroblast growth 
factors could substitute for transplant¬ 
ed cells from the AER in driving limb 
outgrowth. They observed that normal 
limbs grew when they stapled tiny 
beads soaked in the factors to the tip of 
a limb bud that had had its AER re¬ 
moved. Such limb buds usually develop 
only severely shortened limbs. 

We now know that the production of 
Sonic hedgehog and of the fibroblast 
growth factors is coordinated in a devel¬ 
oping limb, allowing growth along the 
anterior-posterior axis to keep pace 
with that along the proximal-distal axis. 
Studies by our teams and by Lee A. 
Niswander of Memorial Sloan-Ketter- 
ing Cancer Center in New York City 
have demonstrated that removing the 
fibroblast growth factor-producing 
AER from a chick limb hud shuts down 
the ability of that limb bud’s ZPA to 
make Sonic hedgehog. Likewise, cutting 
out the ZPA prevents the AER from 
generating the fibroblast growth factors. 
But adding back the fibroblast growth 
factors allows Sonic hedgehog to be 
made. Similarly, reintroducing Sonic 
hedgehog fosters the production of the 
fibroblast growth factors. 

Philip A. Beachy of the Johns Hop¬ 
kins University School of Medicine and 
Heiner Westphal of the National Insti¬ 
tute of Child Health and Human Devel¬ 
opment and their co-workers were the 
first to show that Sonic hedgehog is nec- 
essary for the proper functioning of the 
AER and ZPA in mice. They deleted the 
Sonic hedgehog gene to generate so- 
called knockout mice and saw thar the 
mice developed severely shortened limbs 
that had failed to develop properly along 
both the anterior-posterior axis and the 
proximal-distal axis. Therefore, Some 
hedgehog is necessary and sufficient for 
normal limb development. 

Birth Defects 

T he knockout mice have also indi¬ 
cated another dramatic role played 
by the Sonic hedgehog protein: generat¬ 
ing the pattern in the brain and spinal 
cord that determines, for example, 
whether early neural cells become mo¬ 
tor or sensory neurons. Besides devel¬ 
oping extremely foreshortened limbs, 
mice lacking Sonic hedgehog have only 
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one eye and have a severe brain defect 
called holoprosencephaly, in which the 
fore brain fails to divide into two lobes. 
Normal motor and sensory neuron de¬ 
velopment and the formation of two 
eyes and a bilateral brain depends on 
the activity of Sonic hedgehog in the 
neural rube—the precursor of the adult 
central nervous system—and in the 
cells beneath the tube, 
Holoprosencephaly is the most fre¬ 
quent congenital brain anomaly in the 
human forebrain. It can arise sporadi¬ 
cally but also runs in families as part of 
several rare, inherited disorders. The de¬ 
gree of holoprosencephaly varies widely 
in affected individuals: some have mild 
cognitive deficits, whereas others have 
marked impairment accompanied by 
head and facial skeletal deformities, 
Maximilian A. Muenke of the Chil¬ 
dren’s Hospital of Philadelphia, Stephen 
W. Scherer of the Hospital for Sick 
Children in Toronto and their col¬ 
leagues reported that mutations that in¬ 
activate Sonic hedgehog are responsible 
for some sporadic and inherited cases 
of holoprosencephaly. Without Sonic 
hedgehog to specify correctly die dorsal- 
ventral axis in the developing forebrain, 
the forebrain and eye tissues fail to be¬ 
come bilateral structures. 

Of Hedgehogs and Cancer 

I t might not be surprising that a devel¬ 
opment-regulating gene such as Sonic 
hedgehog contributes to birth defects, 
but researchers have also recently un¬ 
covered a truly surprising link between 
the gene and cancer. The protein encod¬ 
ed by Sonic hedgehog signals cells by 
binding to the same protein on the cell 
surface that is involved in the skin can¬ 
cer basal cell carcinoma. 

Most chemical factors interact with 
susceptible cells by binding to cell-sur¬ 
face proteins called receptors. The bind¬ 
ing of the factors to their specific recep¬ 
tors triggers a cascade of signals within 
the cell, uldmately leading to genes be¬ 
ing turned on or off. 
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SONIC HEDGEHOG PROTEIN unlocks the activity of a protein called Patched, 
which in turn regulates the ability of another protein called Smoothened to send a 
growth signal to skin cells. In basal cell carcinoma the Patched protein is absent or not 
functional, allowing skin ceils to grow into tumors. 


The receptors to which Sonic hedge¬ 
hog binds consist of two subunits: one, 
called Smoothened, is poised to send a 
signal into the cell, and another, called 
Patched, keeps the first subunit from 
sending its signal. When Sonic hedgehog 
binds to Patched, it causes Patched to un¬ 
leash Smoothened, the signaling subunit. 
In cells that harbor mutations that pre¬ 
vent them from making functional 
Patched proteins, however, the signaling 
half of the receptor is continuously ac¬ 
tive, as if Sonic hedgehog were constantly 
barhing the cells. Exactly how Sonic 
hedgehog affects normal skin develop¬ 
ment—and how the aberrant signaling of 
Smoothened leads to basal cell carcino¬ 
ma—is now under intensive study. 

Basal cell carcinoma is a malignancy 
of the epidermis or of skin cells lining the 
hair follicles that often results from mu¬ 
tations caused by overexposure to the 
ultra violet radiation in sunlight. In 1996 
Allen E. Bale of Yale University and 
Matthew P. Scott of Stanford University 
found independendy that cancer arises 
when hair-follicle cells develop muta¬ 
tions in both copies of the Patched gene, 
die one inherited from the mother and 
the other handed down by the father 
The mutations can occur in both copies 
of the gene after birth, or individuals can 
be bom with a mutation in one copy, 
which makes them highly prone to devel¬ 
oping multiple basal cell carcinomas if 


the second copy becomes mutated later. 

Basal cell carcinoma is highly treat¬ 
able but often recurs. If researchers 
could find small molecules to block the 
activity of Smoothened, the compounds 
might be used to prevent the cancers. 
Because such drugs could be applied di¬ 
rectly to the skin, rather than taken 
orally, they might lack the side effects of 
systemic chemotherapies. 

The role of Sonic hedgehog signaling 
in cancer should not he surprising. Mo¬ 
lecular biology has shown in several in¬ 
stances that the processes that dictate 
development and cancer share many 
fundamental properties. The same fac¬ 
tors that regulate cell growth and devel¬ 
opment in embryos, for example, also 
do so in adults. When mutations arise in 
the genes encoding these factors in em¬ 
bryos, birth defects occur; when they 
take place in adults, tumors can form. 
Perhaps what is surprising is the de¬ 
gree to which a single factor like Sonic 
hedgehog can play various roles in the 
formation and function of an organism. 
Sonic hedgehog appears to be ancient: 
both flies and vertebrates have found 
multiple uses for it and many other em¬ 
bryonic genes. Once a molecular signal¬ 
ing pathway is established, nature often 
finds ways to use it in many other set¬ 
tings. One of the recurring themes of the 
symphony of life could be the sound of 
a Sonic hedgehog. ^ 
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To go farther into space , humans will first ha 
how to get there cheaply and more efficiently. 
Ideas are not in short supply 








by Tim Beardsley, staff writer 



1 


T he year 1996 marked a mile¬ 
stone in the history of space 
transportation. According to a 
study led by the accounting firm 
KPMG Peat Marwick, that was when 
worldwide commercial revenues in 
space for the first time surpassed gov¬ 
ernments' spending on space, totaling 
some $77 billion. Growth continues. 
Some 150 commercial, civil and mili¬ 
tary payloads were lofted into orbit in 
1997, including 75 commercial pay- 
loads, a threefold increase over the 
number the year before. And the num¬ 
ber of payloads reaching orbit in 1998 
was set to come close to the 1997 total, 
according to analyst Jonathan McDow¬ 
ell of Harvard University, Market sur¬ 
veys indicate that commercial launches 
will multiply for the next several years 
at least: one estimate holds that 1,200 
telecommunications satellites will be 
completed between 1998 and 2007. In 
short, a space gold rush is now under 
way that will leave last century’s episode 
in California in the dust. 

Space enthusiasts look to the day 
when ordinary people, as well as pro¬ 
fessional astronauts and members of 
Congress, can leave Earth behind and 
head for a space station resort, or 
maybe a base on the moon or Mars. 
The Space Transportation Association, 
an industry lobbying group, recently 
created a division devoted to promoting 
space tourism, which it sees as a viable 
way to spur economic development be¬ 
yond Earth. 

The great stumbling block in this 


SPACECRAFT DESIGNS 
decades from now may look very different 
from today's models. A solar-power station 
(upper left) beams microwaves down to a 
lightcraft (lower left) powered by magneto- 
hydrodynamic forces; an old-style shuttle 
(lower background) has released a satellite 
that has been picked up by a rotating tether 
system (upper right), A single-stage-to-orbit 
rotary rocket craft deploys another satellite 
(lower center ), Meanwhile a light-sail craft 
sets out for a remote destination {lowerright). 
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COURTESY OF BOEING 



SOLAR ORBIT TRANSFER VEHICLE is now being built by Boeing. This device utilizes a large 
reflector to focus the sun's rays onto a block of graphite, which is heated to 2,100 degrees 
Celsius and vaporizes stored liquid-hydrogen propellant to generate thrust. The vehicle 
gently lifts payloads from low-Earth orbits to higher orbits over a period of weeks. The 
light vehicle can launch satellites using smaller rockets than would otherwise be needed. 


road to the stars, however, is the sheer 
difficulty of getting anywhere in space. 
Merely achieving orbit is an expensive 
and risky proposition. Current space 
propulsion technologies make it a stretch 
to send probes to distant destinations 
within die solar system. Spacecraft have 
to follow multiyear, indirect trajectories 
that loop around several planets in order 
to gain velocity' from gravity assists. Then 
the craft lack the energy to come back. 
Sending spacecraft to other solar systems 
would take many centuries. 

Fortunately, engineers have no short¬ 
age of inventive plans for new propul¬ 
sion systems that might someday ex¬ 
pand human presence, literally or figu¬ 
ratively, beyond this planet. Some are 
radical refinements of current rocket or 
jet technologies. Others harness nuclear 
energies or would ride on powerful laser 
beams. Even the equivalents of “space 
elevators” for hoisting cargoes into or¬ 
bit are on the drawing board. 

“Reach low orbit and you’re halfway 


to anywhere in the Solar System,” sci¬ 
ence-fiction author Robert A. Heinlein 
memorably wrote. And virtually all an¬ 
alysts agree that inexpensive access to 
low-Earth orbit is a vital first step, be¬ 
cause most scenarios for expanding hu¬ 
mankind’s reach depend on the orbital 
assembly of massive spacecraft or other 
equipment, involving multiple launches. 

The need for better launch systems is 
already immediate, driven by private- 
and public-sector demand. Most com¬ 
mercial payloads are destined either for 
the now crowded geostationary orbit, 
where satellites jostle for elbow room 
36,000 kilometers (22,300 miles) above 
the equator, or for low-Earth orbit, just 
a few hundred kilometers up. Low-Earth 
orbit is rapidly becoming a space enter¬ 
prise zone, because satellites that close 
can transmit signals to desktop or even 
handheld receivers. 

Scientific payloads arc also taking off 
in a big way. More than 50 major obser¬ 
vatories and explorations to other solar 


system bodies will lift off within the next 
decade. The rate of such launches is sure 
to grow as the National Aeronautics and 
Space Administration puts into practice 
its new emphasis on faster, better, cheap¬ 
er craft: science missions now being de¬ 
veloped cost a third of what a typical ear¬ 
ly-1990s mission did. Furthermore, over 
its expected 15-year lifetime the Interna¬ 
tional Space Station will need dozens of 
deliveries of crew, fuel and other cargo, 
in addition to its 43 planned assembly 
flights. Scores of Earth-observing space¬ 
craft will also zoom out of the atmo¬ 
sphere in coming years, ranging from se¬ 
cret spy satellites to weather satellites to 
high-tech platforms monitoring global 
change. The pressing demand for launch¬ 
es has even prompted Boeing’s commer¬ 
cial space division to team up with RSC- 
Energia in Moscow and Kvaerner Mari¬ 
time in Oslo to refurbish an oil rig and 
create a 34,000-ton displacement semi- 
submersible launch platform that will be 
towed to orbitally favorable launch sites. 

After the Gold Rush 

E ven the most sobersided scientists 
would like to see many more re¬ 
search spacecraft monitoring Earth’s en¬ 
vironment and exploring the farther 
reaches of the solar system. The more 
visionary ones foresee a thriving space 
industry based on mining minerals from 
asteroids or planets and extracting gases 
from their atmospheres for energy and 
life support. K. R. Sridhar of the Univer¬ 
sity of Arizona borrows the rhetoric of 
Mars enthusiasts when he says space pi¬ 
oneers will have to “live off the land”: 
he has a developed an electrochemical 
cell that should be able to generate oxy¬ 
gen from the Martian atmosphere. Al¬ 
ready one firm, SpaceDev, has talked 
about mining minerals from asteroids, 
earning a complaint from the Securities 
and Exchange Commission for its incau¬ 
tious enthusiasm. Some dreamers even 
devote themselves to finding ways of 
sending probes beyond the sun’s domain 
into the vastness of interstellar space. 

The clamor for a ticket to space is all 
the more remarkable in light of the ex¬ 
tremely high cost of getting there. Con¬ 
ventional rockets, most developed by 
governments, cost around $20,000 per 
kilogram delivered to low-Earth orbit. 
The space shuttle, now operated pri¬ 
vately by United Space Alliance, a joint 
venture of Boeing and Lockheed Mar¬ 
tin, was intended to be an inexpensive 
ride to space, but its costs arc no less 
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than those of typical expendable rock¬ 
ets, in any event, the shuttle has been 
unavailable for commercial launches 
since the Challenger disaster in 1986. If 
a shuttle were outfitted today to take 
50 passengers for a flight, they would 
have to pay 58,4 million a head for its 
operator to break even. 

Getting into space is expensive today 
because boosters carry both the oxidizer 
and the fuel for their short ride and 
(with the exception of the partly re¬ 
usable space shuttle) are abandoned to 
burn in the atmosphere after their few 
fiery minutes of glory. Engineers have 
long hoped to slash launch costs by 
building reusable craft that would need 
only refueling and some basic checks 
between flights, like today's commercial 
airliners. An energetic group of compa¬ 
nies dedicated to reducing launch costs 
has sprung up in recent years, many of 
them populated with former NASA top 
brass. Most are adapting existing tech¬ 
nology to gain a commercial edge for 
launching small payloads into iow- 
Earth orbit. 

Nobody shouId underestimate the 


risks of building rockets, even ones based 
on conventional designs. The very first 
Boeing Delta 3, which was the first large 
booster developed privately in decades, 
exploded shortly after liftoff from Cape 
Canaveral last August, setting back Boe¬ 
ing’s plans. A U,S. Air Force/Lockheed 
Martin Titan 4A had detonated over the 
cape two weeks earlier and European 
Arianespace had a costly failure of a new 
launcher in 1996. in the U.S., disagree¬ 
ments over costs and demand have led to 
the cancellation of several government- 
sponsored efforts to develop new ex¬ 
pendable rockets in the past decade. 

Buck Rogers Rides Again 

T he entrepreneurs are not easily de¬ 
terred. One of the farthest along 
and best financed of this new breed is 
Kistler Aerospace in Kirkland, Wash,, 
which is building the first two of five 
planned launchers that will employ 
Russian-built engines. The first stage of 
each vehicle would fly back to the 
launch site; the second would orbit 
Earth before returning. Both stages 


would descend by parachute and land 
on inflatable air bags. The company has 
raised $440 million and seeks hundreds 
of millions more; it says that despite 
world financial turmoil, flights should 
start this year. Privately financed Beal 
Aerospace Technologies in Texas ts de¬ 
veloping a three-stage launcher that is 
scheduled to fly in the third quarter of 
2000. A reusable version may be devel¬ 
oped later, says Beal vice president 
David Spoede. 

Several firms plan to increase their 
advantage by using oxygen in the atmo¬ 
sphere, thereby reducing the amount of 
it that their rockets have to carry. This 
can he done most easily with a vehicle 
that rakes off and lands horizontally. 
Pioneer Rocketplane in Vandenberg, 
Calif- S is developing a lightweight, two- 
seater vehicle powered by a rocket en¬ 
gine as well as conventional turbofan 
engines. The plane, with a payload and 
attached second stage in its small shut¬ 
tle-style cargo bay, takes off from a run¬ 
way with its turbofans and climbs to 
6,100 meters (20,000 feet). There it 
meets a fuel tanker that supplies it with 



Roton 

Rotary Rocket 


Approximate cost: $100 million 


Power source: Horary rocker engine 


Approximate launch year: 2000 


Roton delivers its pay- 
load into low-Earth orbit 


Free-spinning rotor fully 
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Rotor spun by tiny rockets. Roton 
stabilized by small side thrusters 


ROTON VEHICLE is being constructed by Rotary Rocket in Redwood craft comes about and unfolds helicopter blades. It reenters the at- 
City, Calif. The craft takes off vertically powered by a lightweight ro- mosphere base-first. The helicopter blades rotate passively at first 
tary rocket engine. After delivering a payload to low-Earth orbit, the but are spun by small rockets on their tips for the vertical landing. 
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64,000 kilograms (140,000 pounds) of 
liquid oxygen. After the two planes sep¬ 
arate, the oxygen is used to fire up the 
smaller plane’s rocket engine and take it 
to Mach 15 and 113 kilometers* alti¬ 
tude, at which point it can release its 
payload and second stage. A fail-safe 
mechanism for the cryogenic oxygen 
transfer is the main technical challenge, 
says the company’s vice president for 


business development, Charles J. Lauer. 

Kelly Space and Technology is also de¬ 
veloping a horizontal takeoff plane for 
satellite launches, but one that can han¬ 
dle larger payloads, up to 32,000 kilo¬ 
grams. Kelly’s Astroliner, which looks 
like a smaller version of the shuttle, has 
to be towed to 6,100 meters. At that alti¬ 
tude, its rocker engines are tested, and a 
decision is made either to zip up to 


122,000 meters or to tty back to the 
launch site. The first two vehicles should 
cost close to $500 million, and Kelly is 
now lining up investors. 

Other companies are being more 
technologically adventurous. One of the 
most intriguing is Rotary Rocket in 
Redwood City, Calif., which is building 
a crewed rocket that would take off and 
land vertically. The most innovative fea- 


Air-Breathing Engines 


by Charles R* McClinfcon 


F or years, engineers have dreamed of building an aircraft 
that could reach hypersonic speeds, greater than Mach 5, or 
five times the speed of sound. Propelled by a special type of air- 
breathing jet engine, a high-performance hypersonic craft might 
even be able to "fly" into orbit—a possibility first considered 
more than four decades ago. Recently, as the technology has 
matured and as the demand for more efficient Earth-to-orbit 
propulsion grows, scientists have begun seriously considering 
such systems for access to space. 

Air-breathing engines have several advantages over rockets. 
Because the former use oxygen from the atmosphere, they re¬ 
quire less propellant—fuel, but no oxidizer—resulting in lighter, 
smaller and cheaper launch vehicles. To produce the same 
thrust, air-breathing engines require less than one seventh the 
propellant that rockets do. Furthermore, because air-breathing 
vehicles rely on aerodynamic forces rather than on rocket 
thrust, they have greater maneuverability, leading to higher 
safety: flights can be aborted, with the vehicle gliding back to 
Earth. Missions can also be more flexible. 

But air-breathing engines for launch vehicles are relatively im¬ 
mature compared with rocket technology, which has continual¬ 
ly evolved, with refinements and re-refinements, over the past 
40 years. Hypersonic air-breathing propulsion is just now finally 
coming of age. 

Of course, jet engines—which work by compressing atmo¬ 
spheric air, combining it with fuel, burning the mixture and ex¬ 


panding the combustion products to provide thrust—are noth¬ 
ing new. But turbojet engines, such as those found on commer¬ 
cial and fighter aircraft, are limited to Mach 3 or 4, above which 
the turbine and blades that compress the air suffer damage 
from overheating. 

Fortunately, at such high supersonic speeds a turbine is not re¬ 
quired if the engine is designed so that the air is "ram'-com- 
pressed. Such an engine has an air inlet that has been specially 
shaped to slow and compress the air when the vehicle is moving 
rapidly through the atmosphere. Because ramjets cannot work 
unless the vehicle is traveling at high speeds, they have been in¬ 
tegrated in the same engine housing with turbojets, as in the 
French Griffon II experimental aircraft, which seta speed record 
of 1,640 kilometers per hour (1,020 miles per hour) around a 
course in 1959. Ramjets have also been combined with rockets 
in surface-to-air and air-to-surface missiles. But ramjets are limit¬ 
ed to about Mach 6, above which the combustion chamber be¬ 
comes so hot that the combustion products (water) decompose. 

To obtain higher speeds, supersonic-combustion ramjets, or 
scramjets, reduce the compression of the airflow at the inlet so 
that it is not slowed nearly as much. Because the flow remains su¬ 
personic, its temperature does not increase as dramatically as it 
does in ra mjets. Fuel is injected into the supersonic airflow, where 
it mixes and must burn within a millisecond. The upper speed 
limit of scramjets has yet to be determined, but theoretically it is 
above the range required for orbital velocity (Mach 20 to 25). But 

at such extreme speeds, the ben¬ 
efits of scramjets over rockets be¬ 
come smali and possibly moot 
because of the resulting severe 
structural stresses. 

Hypersonic air-breathing en¬ 
gines can operate with a variety 
of fuel sources, including both 
hydrogen and hydrocarbons. Liq¬ 
uid hydrogen, which powers the 
U.S, space shuttle, is the choice 
for space launch because it can 
be used to cool the engine and 
vehicle before being burned. Hy¬ 
drocarbons cannot be utilized 
so efficiently and are limited to 
speeds less than about Mach 8. 

For a scramjet-powered craft, 
which must be designed to cap¬ 
ture large quantities of air, the 
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tore of the design, called the Roton, is 
its engine. Oxidizer and fuel are fed into 
96 combustors inside a horizontal disk 
seven meters in diameter that is spun at 
720 revolutions per minute before 
launch. Centrifugal force provides the 
pressure for combustion, thereby elimi¬ 
nating the need for massive, expensive 
turbo pumps and allowing the vehicle’s 
single stage to go all the way to orbit. 


The Roton descends with the aid of 
toldaway helicopter blades that are 
spun by tiny ruckets on their tips, like a 
Catherine wheel Rotary Rocket says it 
will be able to deliver payloads to low- 
Earth orbit for a tenth of today's typical 
launch price. The first orbital flight is 
scheduled for 2000; the company has 
already tested individual combustors, 
and atmospheric flights arc supposed to 


take place this year. The design “has got 
a lot of challenges,” observes Mark R. 
Gdcrman, managing director ot CSP 
Associates in Cambridge, Mass., who 
has surveyed new rocket technologies. 
Oderman says the Roton has many fea¬ 
tures “that imply high levels of technical 
or financial risk.” 

Space Access in Palmdale, Calif., is de¬ 
signing an altogether different but equal- 


distinction between engine and vehicle blurs. The oncoming 
flow is deflected mainly by the underside of the craft which 
increases the pressure of the diverted air. Generally the 
change is great enough to cause a pressure discontinuity, 
called a shock wave, which originates at the 
ship's nose and then propagates 
through the atmosphere. Most of 
the compressed air between the \ 
bottom of the vehicle and the shock 




wave is directed into the engine. The air gets hotter as 
its flow is slowed and as fuel is burned in the combus¬ 
tion region. The end product of the reaction expands 
through both an internal and an external nozzle, gener¬ 
ating thrust. The high pressures on the undersideof the 
vehicle also provide lift. 

To broaden the scramjet's operating range, engi¬ 
neers have designed vehicles that can fly in either 
scram or ram mode. The dual-mode operation can be 
achieved either by constructing a combustor of vari¬ 
able geometry or by shifting the fuel flow between in¬ 
jectors at different locations. 

Because neither scramjets nor ramjets can operate 
efficiently when they a re traveling below Mach 2 or 3, 
a third type of propulsion (perhaps turbojet or rocket) 
is required for takeoff. So-called rocket-based com¬ 
bined-cycle engines, which could be used in a space 
vehicle, rely on a rocket that is integrated within the 
scramjet combustor to provide thrust from takeoff 
through subsonic, low-supersonic and then ramjet 
speeds. Ramjet operation is then followed by scramjet 
propulsion to at least Mach 10 or 12 r after which the 
rocket Is utilized again to supplement the scramjet 
thrust. Above Mach 18, the rocket by itself propels the 
vehicle into orbit and enables it to maneuver in space. 

The National Aeronautics and Space Administration is current¬ 
ly testing several variations of such a system. 

First, though, much work remains to validate scramjets. So¬ 
phisticated computational fluid-dynamic and engineering de¬ 
sign methods have made it possible to develop a launch vehi 
cle that has a scramjet built into its structure. Challenges re¬ 
maining include developing lightweight, high-temperature 
materials, ensuring rapid and efficient fuel mixing and com¬ 
bustion, and minimizing the buildup of undesirable heat. 

In the 1970s the NASA Langley Research Center demonstrated 
basic scramjet technology with models of hypersonic vehicles 
and a wind tunnel. Additional ground tests of prototype en¬ 
gines have been performed elsewhere in the U.5. as well as in 
England, France, Germany, Russia, Japan and Australia, with oth¬ 
er related research under way in countries such as China, Italy 
and India. Today scientists routinely conduct ground tests of 



METHOD OF PROPULSION 


ROCKET, 
ROCKET- 
ASSISTED 
RAMJET OR 


SCRAMJET. 

ROCKET- 

ASSISTED 

SCRAMJET 



SCRAMJETS (top) are designed to capture large quantities of air under¬ 
neath the craft for burning with a fuel source r such as liquid hydrogen. 
Dual-mode scramjet engines could be combined with rockets {graph) in 
a vehicle that would, in essence, "fly" into space. 


scramjet engines at simulated speeds up to Mach 15. In flight 
tests the Russians have demonstrated ramjet operation of a 
dual-mode scramjet up to Mach 6.4. 

To date, though, no vehicle has flown under scramjet power. 
But this ultimate test is nearing reality. Through its Hyper-X re¬ 
search program at Langley and Dryden Flight Research Center, 
NASA is currently building the X-43A, a 3.6-meter-long aircraft 
that will demonstrate scramjet flight at Mach 7 and Mach 10 
within the next three years. If all goes well, the tests will pave the 
way for future uses of scramjet propulsion, possibly in a vehicle 
designed for hypersonic flight into space. 

CHARLES ft McCUNTON, technology manager of the Hyper-X 
Program at the NASA Langley Research Center in Hampton, Va.. has 
been intrigued and captivated by the technical challenges of hy¬ 
personic air-breathing propulsion since the 1960s. 
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ly daring craft* Its heavy space plane 
would take off and land horizontally un¬ 
der the power of a proprietary engine 
design called an ejector ramjet* This nov¬ 
el engine, which has been tested on rhe 
ground, will propel the craft from a 
standstill to Mach 6, according to Space 


Access's Ronald K. Rosepink—a perfor¬ 
mance well beyond anything m service 
today Rosepink says the engine is al¬ 
most 10 times more efficient than exist¬ 
ing engines* 

At Mach 6, the plane will fire up two 
liquid-hydrogen-fueled rockets. At Mach 


9, its nose will open like the jaws of a 
crocodile to release the second and third 
stages plus the payload* All the stages 
have wings and will fly back and land 
horizontally at the launch strip. Space 
Access’s plane will handle payloads of 
around 14 n 000 kilograms, as big as 


Space Tethers 


by Robert L* Forward and Robert R Hoyt 


W hen humans begin to inhabit the moon and planets 
other than Earth, they may not use the modern technol¬ 
ogy of rockets. Instead space travel and settlement may depend 
on an ancient technology invented long before recorded 
history— string. 

How can mere string propel objects through space? Consid¬ 
er two scenarios. First, a thick strand connecting two satellites 
can enable one to "throw" the other into a different orbit, much 
like a hunter casting a stone with a sling. Such a concept could 
be adapted for transporting payloads to the moon and be¬ 
yond* Second, if the string is a conductive wire, electricity flow¬ 
ing through it will interact with Earth's magnetic field to gener¬ 
ate propulsive forces. The great advantage of both types of 
tethers—momentum transfer and electrodynamic— 
is their economical operation. Instead of consuming o 
huge quantities of propellant, they work by simply g 


draining a little momentum from a body already in orbit or by 
using electrical energy supplied from solar panels. 

To date, 17 space missions have involved tethers* Most of 
these missions have been successful, but the public has heard 
mainly about two failures* In 1992 a satellite built by the Italian 
Space Agency was to be released upward, away from Earth, 
from the space shuttle Atlantis at the end of a long tether made 
of insulated copper wire. But the spool mechanism jammed, 
halting the experiment 

Four years later the National Aeronautics and Space Adminis¬ 
tration tried again, in that mission, as the tether approached its 
full 20-kilometer (12-mile) length, the motion of the shuttle 
through Earth's magnetic field generated 3,500 volts in the tether* 
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LOW-EARTH ORBIT 


* HIGH-EARTH- 
ELLIPTICAL ORBIT 


LUNAR PAYLOADS could be delivered with a system of three tethers* The 
package is launched from Earth and is picked up by a tether in low orbit 
(inset). This cartwheeling tether hands off the payload to another 
cartwheeling tether that is in a higher orbit (7)* Like a hunter hurling a rock 
with a sling, the second tether catapults the payload (2) toward the moon 
(3), where it is picked up by another tether in orbit there (4). This third 
cartwheeling tether then deposits the package onto the moon's surface (5)* 
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those carried by the shuttle. Commer¬ 
cial service could start in 2003, Rose- 
pink claims. 

The most prominent launch vehicle 
in development, the X-33, is under con¬ 
struction at Lockheed Martin’s Skunk 
Works in Palmdale, Calif., as part of a 


joint industry-NASA effort to reduce 
launch costs 10-fold. The X-33 is a 
roughly half-size experimental craft in¬ 
tended to test a type of rocket engine 
known as a linear aerospike, as well as 
various other technologies. On paper 
the linear aerospike can power a fully 


reusable, vertical takeoff vehicle to or¬ 
bit with a single stage of engines that 
would automatically adapt to changing 
atmospheric pressure. But the X-33, 
which will not itself achieve orbit, 
pushes the limits of current construc¬ 
tion techniques. And some observers 


Electronic devices on the shuttle and the Italian satellite provided 
an electrical conduit to the ionosphere, allowing ampere-level 
currents to flow through the tether. The experiment demonstrat¬ 
ed that such electrodynamic tethers can convert shuttle momen¬ 
tum into kilowatts of electrical power, and vice versa. 

Unfortunately, a flaw in the insulation allowed a high-power 
electric arc to jump from the tether to the deployment boom, 
and the arc burned through the tether. But although the break 
aborted the electrodynamic part of the project, it inadvertently 
triggered a spectacular display of momentum transfer. At the 
time, the Italian satellite was 20 kilometers above the shuttle 
and was being pulled along faster than the orbital speed for 
that higher altitude. Consequently, when the tether broke, the 
excess momentum made the satellite soar to seven times the 
tether length, or 140 kilometers, above the shuttle. 

Other work has had greater success. In 1993, to test an idea 
proposed by Joseph A, Carroll of Tether Applications In San 
Diego, a payload attached to a 20-kilometer tether was de¬ 
ployed downward from a large satellite. Because the speed of 
the payload was then slower than that required for an object at 
that reduced orbital altitude, cutting the tether at the right mo¬ 
ment caused the package to descend toward a predetermined 
point on Earth's surface. Tether Applications is now developing 
a reentry capsule and tether that the International Space Sta¬ 
tion could use to send urgent deliveries to Earth, including sci¬ 
entific payloads that cannot wait for the next shuttle pickup. 

In a related mission in 1994, a payload was left hanging at the 
end of a 20-kilometer tether to see how long the connection— 
as thick as a kite string—would survive collisions with microme¬ 
teors and space debris. The expected lifetime of the tether, 
which could readily be cut by a particle the size of a sand grain 
traveling at high speed, was a meager 12 days. As things turned 
out, it was severed after only four. 

The experiment demonstrated the need to make tethers out 
of many lines, separated so that they cannot all be cut by the 
same particle yet joined periodically so that when one line fails, 
the others take up the load. With that in mind, the Naval Re¬ 
search Laboratory (NRL) and the National Reconnaissance Office 
(NRO) fabricated a 2.5-millimeter-dlameter hollow braid of Spec¬ 
tra fiber (a high-strength polymer used in fishing lines) loosely 
packed with yarn. A four-kilometer length linking two satellites 
that was launched in June 1996 has remained orbiting in space 
uncut for almost three years. 

In a follow-up experiment last October, NRL and nro tested a 
tether with a different design: a thin plastic tape three centime¬ 
ters wide with strong fiber strands running along its length. The 
six-kilo meter tether should survive for many years in space, but 
the tape makes it heavy. Our company, Tethers Unlimited in 
Clinton, Wash., is working with Culzean Fabrics and Flemings 
Textiles, both in Kilmarnock, Scotland, to fabricate multiline 
tethers with an open, fishnetlike pattern that will weigh less 
and should last In space for many decades. 


Other tether demonstrations are scheduled. The Michigan 
Technic Corporation in Holland, Mkh., has plans in 2000 for a 
shuttle to release two science packages joined by a two-kifome- 
ter tether. 

In addition, the NASA Marshall Space Flight Center is investi¬ 
gating the use of electrodynamic tethers for propellantless 
space propulsion. In mid-2000 a mission will demonstrate that a 
conducting tether can lower the orbit of a Delta 2 upper stage. 
At Tethers Unlimited, we are developing a commercial version 
of the NASA concept: a small package that would be attached to 
a satellite or upper stage before launch. When the spacecraft 
completed its mission or malfunctioned, the conducting tether 
would unfurl and drag against Earth's magnetic field, causing 
the craft to lose altitude rapidly until it burned up in the upper 
atmosphere. We will test such a tether de-orbit device in late 
2000 on an upper stage built by the Lavochkin Association of 
Russia. 

NASA is also considering such electrodynamic tethers for up¬ 
ward propulsion. In the system, solar panels would supply a 
flow of electricity through the tether to push against Earth's 
magnetic field. The resulting force could haul payloads around 
Earth indefinitely. This approach might be used to keep the In¬ 
ternational Space Station in orbit without refueling. 

How far can tethers take humankind in the future? We and 
others have analyzed a system of rapidly cartwheeling, orbiting 
tethers up to hundreds of kilometers long for delivering pay- 
loads to the moon and ever farther. The idea is simple—think 
of Tarzan swinging from one vine to the next. First, a low-Earth- 
orbit tether picks up a payload from a reusable launch vehicle 
and hands the delivery to another tether in a more distant ellip- 
tical-Earth orbit The second tether then tosses the object to the 
moon, where it is caught by a Lunavator tether in orbit there. 

The Lunavator would be cartwheeling around the moon at 
just the right velocity so that, after catching the payload, it 
could gently deposit the object onto the lunar surface a half¬ 
rotation later. Simultaneously, the tether could pick up a return 
load. No propellant would be required if the amount of mass 
being delivered and picked up were balanced. Such a trans¬ 
portation mechanism could become a highway to the moon 
that might make frequent lunar travel commonplace. 

Obviously, there are many technological challenges that 
must be overcome before such a system becomes a reality, but 
its potential for opening up an economical expressway in space 
is tremendous. Perhaps someday there will be numerous 
cartwheeling tethers around many of the planets and their 
moons, carrying the hustle and bustle of interplanetary com¬ 
merce. And it all will have begun with a piece of string. 

ROBERT L FORWARD and ROBERT P. HOYT are the founders of 
Tethers Unlimited, a start-up aerospace company based in Clinton, 
Wash., that specializes in developing space tether systems for com¬ 
mercial applications . 
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now doubt whether it will be able to 
provide NASA with enough information 
for a promised year 2000 decision on 
whether the agency should continue to 
rely on current shuttles until after 2020 
or instead phase out those expensive 
workhorses around 2012* 


Difficulties in building the engines 
have delayed the first flight of the X-33 
by six months, until the end of this yean 
And Daniel R. Mulvilie, NASA’s chief en¬ 
gineer; maintains that a further “year or 
two” of development will most likely be 
needed after flight tests are completed in 


late 2000 before a decision on building 
a full-size single-stage-to-orbit vehicle* 
(Lockheed Martin, however, which calls 
its design the VentureStar, says it will be 
ready to commit by the end of 2000*) 
One problem: the world does not have a 
large enough autoclave to cure the Ven- 


Highways of Light 


by Leik N* Myrabo 


T oday's spacecraft carry their source of power. The cost of 
space travel could be drastically reduced by leaving the 
fuel and massive components behind and beaming high-inten¬ 
sity laser light or microwave energy to the vehicles* Experiments 
sponsored over the past year by the National Aeronautics and 
Space Administration and the U.S. Air Force have demonstrated 
what I call a lightcraft, which rides along a pulsed infrared laser 
beam from the ground Reflective surfaces in the craft focus the 
beam Into a ring, where it heats air to a temperature nearly five 
times hotter than the surface of the sun, causing the air to ex¬ 
pand explosively for thrust. 

Using an army 10-kilowatt carbon dioxide laser pulsing 28 
times per second Franklin B. Mead of 
the US. Air Force Research Laborato¬ 
ry and I have successfully propelled 
spin-stabilized miniature lightcraft 
measuring 10 to 15 centimeters (four 
to six inches) in diameter to altitudes 
of up to 30 meters (99 feet) in roughly 
three seconds. We have funding to in¬ 
crease the laser power to 100 kilo¬ 
watts, which will enable flights up to 
a 30-kilometer altitude. Although to¬ 
day's models weigh less than 50 
grams {two ounces), our five-year 
goal is to accelerate a one-kilogram 
microsatellite into fow-Earth orbit 
with a custom-built, one-megawatt 
ground-based laser—using just a few 
hundred dollars' worth of electricity. 

Current lightcraft demonstration 
vehicles are made of ordinary aircraft- 
grade aluminum and consist of a for¬ 
ward aeroshell, or covering, an annu¬ 
lar (ring-shaped) cowl and an aft part 
consisting of an optic and expansion 
nozzle. During atmospheric flight the 
forward section compresses the air 

and directs it to the engine inlet The annular cowl takes the 
brunt of the thrust. The aft section serves as a parabolic collec¬ 
tion mirror that concentrates the infrared laser fight into an an¬ 
nular focus, while providing another surface against which the 
hot-air exhaust can press. The design offers automatic steering: 
if the craft starts to move outside the beam, the thrust inclines 
and pushes the vehicle back 

A one-kilogram lightcraft will accelerate this way to about 
Mach 5 and reach 30 kilometers 1 altitude, then switch to on¬ 
board liquid hydrogen for propellant as air becomes scarce. One 
kilogram of hydrogen should suffice to take the craft to orbit. A 
version 1.4 meters in diameter should be able to orbit mi- 


MINIATURE LIGHTCRAFT demonstration vehi¬ 
cle has already flown to a height of 30 meters in 
tests, powered by a 1 (^kilowatt laser* Larger de¬ 
signs should be able to accelerate to orbit* 


crosateltites of up to 100 kilograms by riding a 100-megawatt 
laser beam* Because the beams we use are pulsed, this power 
might be achieved fairly easily by combining the output from a 
group of lasers. Such lasers could launch communications satel¬ 
lites and de-orbit them when their electronics become obsolete, 

Lightcraft with different geometries can move toward their 
energy source rather than away from it—or even sideways. 
These variant vehicles have potential for moving cargo econom¬ 
ically around the planet. Lightcraft could also be powered by mi¬ 
crowaves, Microwaves cannot achieve such high power densi¬ 
ties as lasers, so the vehicles would have to be larger. But mi¬ 
crowave sources are considerably less expensive and easier to 
scale to very high powers, 

I have also designed more sophisticated beamed-energy 
craft, operating on a different principle, that could transport 
passengers. These craft would be 
better for carrying larger cargoes be¬ 
cause they can produce thrust more 
efficiently, 

A mirror in the craft focuses some 
of the incoming beamed energy at a 
point one vehicle-diameter ahead of 
the vehicle. The intense heat creates 
an "air spike" that diverts oncoming 
air past the vehicle, decreasing drag 
and reducing the heating of the craft. 

This craft taps some additional 
beamed energy to generate powerful 
electric fields around the rim, which 
ionizes air. It also uses superconduct¬ 
ing magnets to create strong mag¬ 
netic fields in that region. When ion- 
Ezed air moves through electric and 
magnetic fields in this configuration, 
magnetohydrodynamtc forces come 
into play that accelerate the slip¬ 
stream to create thrust* 

By varying the amount of energy it 
reflects forward, the lightcraft can 
control the airflow around the vehicle. 

I demonstrated reduction of drag by 
an air spike in April 1995 in a hypersonic shock tunnel at Rens¬ 
selaer Polytechnic Institute, though with an electrically heated 
plasma torch rather than with laser power. Tests aimed at gener¬ 
ating magnetohydrodynamic thrust, using a 15-centimeter- 
diameter device, have just begun. A person-size lightcraft of 
this type driven by microwaves or by a 1,000-megawatt pulsed 
laser should be able to operate at altitudes up to 50 kilometers 
and to accelerate easily to orbital velocities. 

Lightcraft could revolutionize transportation if they are driv¬ 
en from orbiting solar-power stations. But the cost of assem¬ 
bling the orbital infrastructure eventually must be reduced be¬ 
low a few hundred dollars per kilogram. It now costs about 
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tureStar’s all-composite liquid-hydrogen 
tank. More effort is also needed on the 
metallic tiles that will protect the craft 
from the heat of reentry. 

The VentureStar was billed as a po¬ 
tential national launch system, notes 
Marcia S. Smith of the Congressional 


Research Service. Yet the timing could 
be awkward, as the first VentureStar 
would not carry humans. NASA has re- 
cently asked industry to study the op¬ 
tions for carrying to orbit both human 
and nonhuman cargo early next centu¬ 
ry. Some potentially useful tricks are be¬ 


ing explored with a smaller experimen¬ 
tal vehicle known as the X-34. Ir will 
test two-stage-to-orbit technologies, in¬ 
cluding a new type of reusable ceramic 
tile, starting this year. 

Looking beyond X-33 and X-34 
technology, the agency recently beefed 
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$20,000 to put a kilogram of 
payload in orbit by means of 
the space shuttle, about 100 
times too much. 

1 think we can bridge the gap 
by making the first orbital power station one that is specialized 
for enabling cheap access to space. Imagine a one-kilo meter-di¬ 
ameter structure built like a giant bicycle wheel and orbiting at 
an altitude of 500 kilometers. Its mass would be about 1,010 
metric tons, and it would slowly spin to gain gyroscopic stability. 
Besides the structural "spokes,* the wheel would have a disk 
made from 55 large, pie-slice segments of 032-millimeter-thick 
silicon carbide. Completely covering one side of the silicon car¬ 
bide would be 30 percent efficient, thin-film solar photovoltaic 
cells capable of supplying 320 megawatts of electricity. (Such 
devices are expected within a decade.) On the other side would 
be 13,2 billion miniature solid-state transmitters, each just 8.5 
millimeters across and delivering 1.5 watts of microwave power. 

Today's heavy-lift chemical rockets could loft this entire struc¬ 
ture over about 55 launches, at an affordable cost of perhaps $5.5 
billion. The station would be ringed by an energy storage device 
consisting of two superconducting cables, each with a mass of 
100 metric tons, that could be charged up with counterflowing 
electric currents. (This arrangement would eliminate the titanic 
magnetic torque that would be produced by a single cable,) 

During two orbits of Earth, the station would completely charge 


this system with 1,800 giga- 
joules of energy. It would then 
beam down 4.3 gigawatts of mi¬ 
crowave power onto a lightcraft 
at a range of about 1,170 kilo¬ 
meters. Torquing forces produced by shifting small amounts of 
current from one cable to the other would crudely point the pow¬ 
er station, but fine control would come from a beacon mounted 
on the lightcraft. It would send a signal that would coordinate the 
individual transmitters on the power station to create a spot 10 
meters in diameter at the launch site. The vehicle could reach or¬ 
bit in less than five minutes, subjecting occupants to no more 
than three g's of acceleration, about the same that shuttle astro¬ 
nauts experience. Or the solar-power station could unload all Its 
energy In a 54-second burst that should offer a nearly vertical 20-g 
boost to geostationary orbit or even to escape velocity. 

The first orbital solar-power station will pave the way for a 
whole industry of orbital stations, launched and assembled from 
specialized lightcraft. Within decades, a fleet of these will make 
feasible rapid, low-cost travel around the globe, to the moon 
and beyond 

LEIK N. MYRA80 is associate professor of engineering physics at 
Rensselaer Polytechnic Institute. His research interests focus on ad¬ 
vanced propulsion and power technology energy conversion , hy¬ 
personic gas dynamics and directed energy. 


ORBITING solar-power station (upper left) could beam mi¬ 
crowave energy to an ascending lightcraft (right) powered 
by magnetohydrodynamic thrust. The lightcraft focuses 
the microwave energy to create an "air spike" that de¬ 
flects oncoming air. Electrodes on the vehicle's rim ionize 
air and form part of the th rust-generating system. 
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up work on hypersonic jet engines, 
which had taken a back seat since the 
National Aerospace Plane program was 
canceled in November 1994. Variants 
on jet engines called scramjets—which 
breathe air like conventional jets but 
can operate at speeds over Mach 6— 
could help bring the goal of single stage 
to orbit within reach. Several unpiloted 
scramjets, designated X-43, will fly at 
speeds of up to Mach 10 and then 
crash-land in the Pacific Ocean, starting 


in the year 2000 [see box on page 64\. 

The difficulty faced by such efforts, 
explains NASA’s Gary E. Payton, is in 
slowing the incoming air enough so 
that fuel can be burned in it for thrust 
without generating excess heat. In prin¬ 
ciple, it can be done with a shock wave 
created at the air inlet. But the process 
wastes a lot of energy. 

One potentially pathbreaking launch 
technology is an air-breathing engine that 
also operates as a rocket both when at 


low velocities and when the air becomes 
too thin to be worth taking in. At that al¬ 
titude, a vehicle heading for space would 
most likely be traveling at about Mach 
10. Such rocket-based combined-cycle 
engines have yet to advance beyond tests 
in wind tunnels, and they have to be de¬ 
signed as part of the body of a craft to 
achieve adequate thrust. NASA recently 
awarded Boeing a cost-shared contract 
under its new Future-X program to de¬ 
velop an Advanced Technology Vehicle 


Light Sails 


by Henry M, Harris 


S cience-fiction dreams of worlds beyond our own solar sys¬ 
tem have taken on a more realistic aspect since astronomers 
discovered that the universe contains planets in unexpectedly 
large numbers. Studying those distant planets might show how 
special Earth really is and tell us more about our place in the uni¬ 
verse. This perspective is prompting the National Aeronautics 
and Space Administration to turn its ga 2 e toward the stars. 

Gazing is one thing, but for actual exploration the engineering 
reality is harsh. It would take tens of thou¬ 
sands of years to reach even the nearest 
stars with today's technologies. In 19981 co¬ 
ordinated for NASA a survey of propulsion 
concepts that might enable an exploratory 
vehicle to travel to another star fast enough 
to accomplish its mission within 40 years, the 
professional lifetime of a scientist. We came 
up with only three that now seem plausible: 
fusion [see box on page 74\, antimatter and 
beamed energy. Of these, only beamed en¬ 
ergy is understood sufficiently to be part of 
any realistic near-term research program. 

It is easy to see why beamed energy is at¬ 
tractive. When you take your car on a long 
trip you reiy on gas stations for fuel and on 
mechanics to keep it running. Current 
spacecraft, in contrast, have to transport all 
the fuel they will need and must operate 
without human intervention. But could the engine somehow be 
kept on Earth, along with the fuel? Besides making in-flight re¬ 
pairs possible, the arrangement would make the spacecraft less 
massive and therefore easier to accelerate. 

Beamed energy might offer a way. Engineering analyses sug¬ 
gest that the best approach for long-duration spaceflight is to 
shine a powerful optical laser at a large, thin "sail." This idea was 
first proposed by Robert L Forward as long ago as 1984. Lasers 
can project energy over vast distances, and the large area of a 
sail allows it to receive a lot of energy in relation to its mass. Oth- 
er types of beamed energy, such as microwaves, could also be 
used. Some investigators have even considered beaming charged 
particles at a spacecraft. The particles, on reaching the craft, 
would pass through a superconducting magnetic loop, thereby 
creating a Lorentz force that would provide thrust. But for now, 
laser light aimed at sails seems to be the most practical option. 

When a photon from a laser hits a sail, one of two things can 
happen. It can collide elastically with the electromagnetic field 
surrounding the atoms in the sail and be reflected. Alternatively, 


the photon can simply be absorbed by the sail material, a pro¬ 
cess that heats the sail a minuscule amount. Both processes im¬ 
part an acceleration, but reflection imparts twice as much as ab¬ 
sorption. Thus, the most efficient sail is a reflective one. 

The acceleration that a laser provides is proportional to the 
force it transmits to the sail and inversely proportional to the 
spacecraft's mass. Like other propulsion methods, then, tight 
sails are limited in their performance by the thermal properties 
and the strength of materials — as well as by our ability to design 
low-mass structures. The sail designs that have been proposed 
consist of a polished, thin metal film, most with some kind of 
backing for structural strength. 

Tbe power that can be transmitted 
is constrained by heating of the sail: as 
the metal surface gets hotter it be¬ 
comes less reflective. The temperature 
a sail attains can be lowered, and so its 
acceleration increased, by coating its 
reverse side with materials that effi¬ 
ciently radiate heat. 

To reach very high velocities, a space¬ 
craft must sustain its acceleration. The 
ultimate velocity achievable by a light 
sail is determined by how long the 
Earth-bound laser can illuminate its tar¬ 
get efficiently. Laser light has an impor¬ 
tant property known as coherence. It 
means that the energy it can impart is 
undlminished by distance, up to a criti¬ 
cal value known as the diffraction dis¬ 
tance. Beyond it the power delivered quickly becomes insignificant. 

The d iffraction distance of a laser, and thus the ultimate veloc¬ 
ity of a spacecraft it powers, is governed by the size of the laser's 
aperture. Very powerful lasers would probably consist of hun¬ 
dreds of smaller ones ganged together in an array. The effective 
aperture size is roughly the diameter of the entire array. Maxi¬ 
mum power is transferred when the array is packed as densely 
as possible. We have a tessellated design that approaches 100 
percent packing density. 

At the Jet Propulsion Laboratory in Pasadena, Calif., my team 
has studied the trade-offs in mission cost between the power of 
individual lasers and the size of an array. The aperture size re¬ 
quired for an interstellar mission is enormous. A phased laser ar¬ 
ray we have designed to send a probe in 40 years to the nearby 
star Alpha Centauri would be 1,000 kilometers (621 miles) in di¬ 
ameter. Fortunately, planetary missions require much smaller 
apertures. A 46-gigawatt laser illuminating a 50-meter-diameter, 
gold-plated sail would require only a 15-meter aperture to send 
a 10-kilogram payload to Mars in 10 days. This system could 
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that will test a variety of hypersonic flight 
technologies* Payton says that “if things 
go well" flight tests of rocket-based com¬ 
bined-cycle engines could occur between 
2004 and 2006* 

Beyond Earth 

As soon as a vehicle has left the atmo- 
xVsphere and reached orbital velocity, 
around Mach 25, the engineering chal¬ 
lenges change completely. Large thrusts 


are no longer needed, because the craft 
is nut fighting Earth's gravity and air re¬ 
sistance. Several new approaches are 
being explored, including, notably, the 
ion engine now flying on NASA’s Deep 
Space 1 spacecraft* Ion engines work by 
accelerating charged atoms (ions) of a 
propellant with electrical grids charged 
to high voltage* As the ions leave the 
engine, they impart thrust* Xenon is the 
currently favored propellant. 

Power on Deep Space 1 comes from 


solar panels, but theoretically any 
means of generating electricity could be 
used to drive an ion engine, which can 
produce almost 10 times more thrust 
per kilogram of propellant than chemi¬ 
cal rockets can. As a result, even though 
ion engines generate only a few grams 
of force, they can in principle operate 
for years nonstop, allowing a spacecraft 
to reach extremely high velocities. Ion 
engines could feasibly make long-term 
exploratory missions to Uranus and 



HENRY M. HARRIS is a physicist who studies 
interstellar exploration at the Jet Propulsion 
Laboratory in Pasadena f Calif. He has also de¬ 
signed space shuttle and other experiments. 
Harris has worked as a jazz musician and has 
written a novel about science and spirituality. 


THEORIZED LIGHT-SAIL craft (;far left) 
driven from Earth by a laser could one 
day convey sensors to distant reaches of 
the solar system and even to other stars. 
The sail's reflective surface maximizes 
I velocity. The low-mass structure might 
I carry a light payload [nearleft). 


send a probe to the boundary between the sofar wind and the 
interstellar medium in three to four years. 

Light-sail craft can be designed to follow a beam automatical¬ 
ly so steering can be done from Earth. A sail might even be built 
incorporating a reflective outer ring that could be detached on 
reaching the destination. The ring would continue onward as 
before and reflect laser light back onto the separated central 
part of the sail, thus propelling it back home. 

A good deal of work relevant to light sails has already been 
done* The Department of Defense has developed high-powered 
lasers and precision-pointing capability as part of its research into 
ballistic-missile defenses and possible antisatellite weaponry And 
saillike structures whose purpose is to reflect sunlight have already 
been tested. Russian scientists have flown a spinning 20-meter-di- 


arneter, polymer solar reflector, Znamya 2 r as part of a scheme to 
provide extra winter illumination in northern Russian cities; a 25- 
meter-diameter version is scheduled fortesting in February. 

Closer to home, the U.S. National Oceanic and Atmospheric 
Administration is planning to launch within four years a space¬ 
craft powered by a solar sail. The craft would hover at an orbital- 
ly unstable location between Earth and the sun, from where it 
could provide about an hour's advance warning of particles em¬ 
anating from solar storms. 

NASA is now evaluating plans to develop laser light sails as a 
possible low-cost alternative to conventional rockets. Missions 
being considered range from a demonstration of a 100-meter- 
diameter sail in Earth orbit to a journey through the shock wave 
at the edge of our planetary system. 

to the immediate future, laboratory tests 
could measure the properties of candidate 
laser-sail materials for missions to Mars, the 
KuEper belt and the interstellar medium. A 
military megawatt-class chemical laser at 
White Sands Missile Range in New Mexico 
may be used to illuminate sails deployed 
from spacecraft so that the resulting acceler¬ 
ations can be verified. And planned mega¬ 
watt-class lasers that can run inexpensively 
off the power grid could within five years be 
able to boost light sails between orbits. I esti¬ 
mate that such lasers could power scientific 
missions to the moon within a decade. 

We see in light sails a possible glimpse 
of the future, a vision of rapid, inexpensive 
access to the remote solar system and be¬ 
yond. In time they could make travel to 
distant stars a reality. 
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Compact Nuclear Rockets 


by James R. Powell 


S omeday, in exploring the outer plan¬ 
ets of our solar system, humankind 
will want to do more than send diminutive 
probes that merely fly rapidly by them* In 
time, we will want to send spacecraft that 
go into orbit around these gaseous giants, 
land robots on their moons and even re¬ 
turn rock and soil samples back to Earth. 
Eventually, we will want to send astro¬ 
nauts to their intriguing moons, on at least 
a couple of which liquid water—the fun¬ 
damental requirement for life as we know 
it—is believed to be abundant* 

For missions such as these, we will need 
rockets powered by nuclear fission rather 
than chemical combustion. Chemical rock¬ 
ets have served us well. But the relatively 
low amount of energy that they can deliver 
for a given mass of fuel imposes severe re¬ 
strictions on spacecraft. To reach the outer 
planets, for example, a chemically powered 
space vehicle must have very limited mass 
and make extensi ve use of planetary gravi¬ 
tational "assists," in which the craft maneu¬ 
vers dose enough to a planet for the plan¬ 
et's gravitational field to act like a slingshot, 
boosting the speed of the craft. To take ad¬ 
vantage of these assists, mission planners 
must wait for "windows"—short periods 
within which a craft can be launched to¬ 
ward planets appropriately positioned to 
speed Eton its way to more distant bodies. 
In technical terms, chemical rockets 


have a low maximum velocity increment, 
which means that their exhaust velocities 
are not high enough to impart very high 
speeds to the rocket. The best chemical 
rockets, which are based on the reaction 
between hydrogen and oxygen, impart a 
maximum velocity increment of about 10 
kilometers (six miles) a second to space¬ 
craft departing from Earth orbit. 

Nuclear rockets, in contrast, could im¬ 
part a maximum velocity increment of up 
to about 22 kilometers a second. Such a 
high value would make possible a direct 
path to, say, Saturn, reducing travel time 
from about seven years to as little as 
three. A nuclear rocket such as this would 
be inherently safe and environmentally 
benign: contrary to popular belief, a nu¬ 
clear rocket need not be strongly radioac¬ 
tive when launched* The spacecraft, with 
its nuclear thrusters, would be launched 
as a payload atop a conventional chemi¬ 
cal rocket. Then, once the payload was in 
high-Earth orbit, above about 800 kilome¬ 
ters, the nuclear reactor would start up. 

The technology required to build a rocket 
motor powered by nuclear fission is not far 
beyond current capabilities. In fact, my col- 

FUEl ELEMENT 
HYDROGEN FLOW 


leagues and I have designed a compact nu¬ 
clear rocket engine, which we call Mitee (de¬ 
riving the letters loosely from the words 
"miniature reactor engine"), that could be 
built in about six or seven years at a cost of 
$600 million to $800 million—actually quite 
modest in the context of space launches. In 
fact, the costs of developing the engine 
would be offset by savings in future launch 
costs. The reason is that nuclear spacecraft 
powered by the engine would not need to 
haul along a large mass of chemical propel¬ 
lant meaning that launching it would not re¬ 
quire a Titan IV vehicle costing $250 million 
to $325 million. Instead a lower-priced rock¬ 
et, such as a Delta or an Atlas in the range of 
$50 million to $125 million, could be used 

In our design, the reactor's nuclear fuel 
would be in the form of perforated metal 
sheets in an annular roll, in a configuration 
similar to a jelly roll with a hollow center 
[see illustration below ]* A jacket of lithium 7 
hydride around the outside of the fuel roll 
would act as a moderator, reducing the 
speed of the neutrons emitted by the nu¬ 
clear fission occurring inside the fuel The 
coolant—liquid hydrogen—would flow 
from the outside of the roll inward, quickly 
turning into a gas as it heated up and 
flowed toward the center* The superheat¬ 
ed gas, at about 2,700 degrees Celsius 
(4,900 degrees Fahrenheit), would flow at a 
high velocity along a channel at the center 
axis of the roil and then out through a 
small nozzle at the end. 

A key attraction of nuclear propulsion is 
that its propellant—hydrogen—is widely 
available in gaseous form in the giant plan¬ 
ets of the outer solar system and in the wa¬ 
ter ice of distant moons and planets. Thus, 
because the nuclear fuel would be relatively 
long-lasting, a nuclear-powered craft could 
in theory tour the outer solar system for 10 
or 15 years, replenishing its hydrogen pro¬ 
pe flant as necessary. A vehicle could fly for 
months in the atmospheres of Jupiter, Sat¬ 
urn, Uranus and Neptune, gathering de¬ 
tailed data on their composition, weather 
patterns and other characteristics. Alterna¬ 
tively, a craft could fly to Euro pa, Pluto or Ti¬ 
tan to collect rock samples and also accu¬ 
mulate hydrogen, by electrolyzing water 
from melted ice, for the trip back to Earth. 

Because its reactor would start up well 
away from Earth, a nuclear-powered space¬ 
craft could actually be made safer than some 
deep-space probes that are powered by 
chemical thrusters* In the outer reaches of 
the solar system, the sun's rays are too feeble 
to provide energy for a spacecraft's instru¬ 
ments. So they generally run on plutonium 
238 power sources, which are highly radioac- 


DETAIL OF FUEL ROLL 
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FUEL ELEMENT would be one of 37 in a compact nuclear rocket engine. Liquid hy¬ 
drogen flowing into the element would convert to a gas and flow through the nu¬ 
clear fuel roll {light brown). Five of the roll's metal matrix sheet layers are shown in 
the detail at the left* The superheated gas would then shoot down a center channel 
and out the bottom of the element, providing thrust. 
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tive even during launch- In a probe with 
nuclear thrusters, on the other hand, the 
instruments would be run off the same 
reactor that provides thrust Moreover, 
the amount of radioactive waste pro¬ 
duced would be negligible—amount¬ 
ing to about a gram of fission products 
for a deep-space mission—and in any 
event the material would never come 
back to Earth- 

Nuclear rockets are not new. Among 
the U.S. Department of Defense's proj¬ 
ects in this area was the Space Nuclear 
Thermal Propulsion program in the late 
1980s. Its goal was to develop a com¬ 
pact, lightweight nuclear engine for 
defense applications, such as launch¬ 
ing heavy payloads into high-Earth or¬ 
bit, The cornerstone of the design was 
a particle bed reactor {PBR}, in which 
the fuel consisted of small, packed pap 
tides of uranium carbide coated with 
zirconium carbide. Although the PBR 
work ended before a full-scale nuclear 
engine was built, engineers did suc¬ 
cessfully build and operate low-power 
reactors based on the concept and 
demonstrated that high-power densi¬ 
ties could be achieved. 

Indeed, our Mitee engine owes 
much to the PBR effort, on which my 
colleagues and 1 worked for nearly a 
decade at Brookhaven National Labora¬ 
tory. In addition to the same basic annu¬ 
lar configuration of fuel elements, the 
Mitee also would use lightweight, ther¬ 
mally stable lithium 7 hydride as a mod¬ 
erator. To be conservative, however, we 
designed the Mitee's fuel assembly to 
have a power density of about 10 mega¬ 
watts per liter instead of the PBR's 30. 

It is an easily provable fact that with 
only chemical rockets, our ability to ex¬ 
plore the outer planets and their moons 
is meager. In the near term, only nucle¬ 
ar rockets could give us the kind of 
power, reliability and flexibility that we 
would need to Improve dramatically 
our understanding of the still largely 
mysterious worlds at the far edges of 
our solar system. 

JAMES ft. POWELL is president of Pius 
Ultra Technologies in Shoreham i, NX, 
which conceived and designed the Mitee 
reactor for space propulsion. He worked 
for Brookhaven National Laboratory 
from 1956 to 1996 and was head of its re¬ 
actor systems division. The author wishes 
to thank his co-workers George Maise 
and John Paniagua for their help in the 
preparation of this article. 


Neptune that would return far more data 
than the simple flybys that Voyager 2 
made in the 1980s, according to James S. 
Sovey of die NASA Lewis Research Center. 

Ion engines are not the only futuristic 
space drive being considered for solar sys¬ 
tem exploration. Hall thrusters also accel¬ 
erate ions, but without grids. They employ 
radial magnetic fields, in parr, to direct the 
ions, and they can deliver larger thrusts: a 
50-kilowatt version has been rested, and re¬ 
search models are as propellant-efficient as 
an ion engine, according to Robert S. 
Jankovsky of the NASA Lewis center. The 
devices are attractive for now mainly for 
near-Earth space applications, although 
that could change if performance improves. 
The LL5. government has already flown 
one on a classified payload, and Teledesic, 
which plans to offer a broadband, global 
telecommunications service, will use Hall 
thrusters on its fleet of satellites. 

Photovoltaic cells are now used to 
power almost all satellites in near-Earth 
orbit. And their performance is expected 
to improve: NASA has developed ad¬ 
vanced designs that Incorporate myriad 
small lenses that focus sunlight on the 
photovoltaic material. Deep Space 1 is 
now testing this type. 

But solar power can be used to provide 
thrust more directly. The U.S. Air Force 


has committed $48 million to a four-year 
program to develop a solar-powered 
final rocket stage that would move satel¬ 
lites from low-Earth orbit to geostation¬ 
ary orbit at a fraction of the cost of 
chemical rockets. The Solar Orbit Trans¬ 
fer Vehicle uses a lightweight mirror to 
direct the sun’s light onto a graphite 
block, which reaches 2,100 degrees Cel¬ 
sius (3,800 degrees Fahrenheit) and va¬ 
porizes stored liquid hydrogen. The ex¬ 
panding gas provides the thrust. 

An operational version would take three 
to eight weeks to boost a typical payload 
to geostationary orbit, but its light 
weight means that a satellite will be able 
to go on a smaller rocket than it would 
otherwise. The savings amount to tens of 
millions of dollars for each launch, notes 
deputy program manager Thomas L. 
Kessler of Boeing. 

The sun, however; can only do so much, 
and it is difficult to exploit solar power for 
journeys to planets more distant than 
Jupiter. The Galileo mission to Jupiter and 
the Cassini mission to Saturn both em¬ 
ployed radioisotope thermal generators, 
which utilize the heat generated by the de¬ 
cay of plutonium 238 to generate modest 
amounts of electricity. But this technique 
cannot readily be scaled up to provide 
larger amounts. 



Approximate launch year: 2003 


Approximate cost: S4 billion to S6 billion 


Power source: Air-breathing engines, rockets 


HEAVY SPACE PLANE is being developed by Space Access in Palmdale, Calif. The craft will 
utilize innovative ejector ramjet engines to accelerate to Mach 6, then switch to rocket en¬ 
gines, Separated stages will individually fly back to the launch strip. 
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Many space buffs believe nuclear re¬ 
actors designed to operate in space 
could be the answer. Because operating 
a reactor generates some radioactive 
waste, proponents of space nuclear 
power now envisage designs that would 


be launched on chemical rockets in an 
inactive state. They would be energized 
only after attaining a safe distance from 
Earth, so they would present no threat 
in the event of a Launch accident. Some 
estimates indicate that a nuclear-pow¬ 


ered journey to Mars might last just 100 
days, about half the estimated trip time 
for a chemical rocket A reactor could 
also be valuable to provide power to 
support a base on Mars, says Samuel L. 
Vermeil, NASA's chief technologist. 


Reaching for the Stars 


by Stephanie D. Leifer 


T he notion of traveling to the stars is a concept compelling 
enough to recur in countless cultural artifacts, from Ro¬ 
man poetry to 20th-century popular music. So Ingrained has the 
concept become that when novelists, poets or lyricists write of 
reaching for the stars, it is instantly understood as a kind of cul¬ 
tural shorthand for striving for the unattainable. 

Although interstellar travel remains a glorious if futuristic dream, 
a small group of engineers and scientists is already exploring con¬ 
cepts and conducting experiments that may lead to technologies 
capable of propelling spacecraft to speeds high enough to travel far 
beyond the edge of our solar system. A propulsion system based on 



ANTIMATTER-POWERED inter 
stellar craft would put some dis¬ 
tance between the payload . 
and the power plant. Ring is 
part of the magnetic 
nozzle that would 
direct charged par- 
tides to create 
thrust. 


nuclear fusion could carry humans to the outer planets and could 
propel robotic spacecraft thousands of astronomical units into in¬ 
terstellar space {an astronomical unit at 150 million kilometers, or 
93 million miles, is the average distance from Earth to the sun). Such 
a system might be built in the next several decades. Eventually, even 
more powerful engines fueled by the mutual annihilation of matter 
and antimatter might carry spacecraft to nearby stars, the closest of 
which is Proxima Centauri, some 270,000 astronomical units distant. 

The attraction of these exotic modes of propulsion lies in the 
fantastic amounts of energy they could release from a given mass 
of fuel. A fusion-based propulsion system, for example, could in 
theory produce about 100 trillion joules per kilogram of fuel—an 
energy density that is more than 10 million times greater than the 
corresponding figure for the chemical rockets that propel today's 
spacecraft. Matter-antimatter reactions would be even more diffi¬ 
cult to exploit but would be capable of generating an astounding 
20 quadrillion joules from a single kilogram of fuel—enough to 


supply the entire energy needs of the world for about 26 minutes. 

In nuclear fusion, very light atoms are brought together at tem¬ 
peratures and pressures high enough, and for long enough, to 
fuse them into more massive atoms. The difference in mass be¬ 
tween the reactants and the products of the reaction corresponds 
to the amount of energy released, according to Albert Einstein's 
famous formula E = me 2 . 

The obstacles to exploiting fusion, much less antimatter, are 
daunting. Controlled fusion concepts, whether for rocket propul¬ 
sion or terrestrial power generation, can be divided into two gen¬ 
eral classes. These categories indicate the technique used to con¬ 
fine the extremely hot, electrically charged gas, called a plasma, 
within which fusion occurs. In magnetic confinement fusion, 
strong magnetic fields contain the plasma. Inertial confinement 
fusion, on the other hand, relies on laseror ion beams to heat and 
compress a tiny pellet of fusion fuel. 

In November 1997 researchers exploiting the magnetic con¬ 
finement approach created a fusion reaction that produced 65 
percent as much energy as was fed into it to initiate the reaction. 
This milestone was achieved in England at the Joint European 
Torus, a tokamak facility—a doughnut-shaped vessel in which 
the plasma is magnetically confined. A commercial fusion reac¬ 
tor would have to produce far more energy than went into it to 
start or maintain the reaction. 

But even if commercial fusion power becomes a reality here 
on Earth, there wilt be several problems unique to developing 
fusion rockets. A key one will be directing the energetic charged 
particles created by the reaction to produce usable thrust. Other 
important challenges include acquiring and storing enough fu¬ 
sion fuel and maximizing the amount of power produced in rela¬ 
tion to themass of the spacecraft. 

Since the late 1950s, scientists have proposed dozens of fusion 
rocket concepts. Although fusion produces enormous amounts of 
very energetic particles, the reaction will accelerate a spacecraft 
only if these particles can be directed so as to produce thrust In fu¬ 
sion systems based on magnetic confinement, the strategy would 
be to feed in fuel to sustain the reaction while allowing a portion of 
the plasma to escape to generate thrust. Because the plasma would 
destroy any material vessel it touched, strong magnetic fields, gen¬ 
erated by an assembly that researchers cat I a magnetic nozzle, 
would direct the charged particles out of the rocket. 

In an engine based on the inertial confinement approach, high- 
power lasers or ion beams would ignite tiny fusion fuel capsules at 
a rate of perhaps 30 per second A magnetic nozzle might also suf¬ 
fice to direct the plasma out of the engine to create thrust. 

The particles created in a fusion reaction depend on the fuels 
used. The easiest reaction to initiate is between deuterium and tri¬ 
tium, two heavy isotopes of hydrogen whose atomic nuclei include 
one and two neutrons, respectively, besides a proton. The reaction 
products are neutrons and helium nuclei (also known as alpha par- 
tides). For thrust, the positively charged alpha particles are desir¬ 
able, whereas the neutrons are not. Neutrons cannot be directed: 
they carry no charge. Their kinetic energy can be harnessed for 
propulsion, but not directly— to do so would involve stopping them 
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Reactors could be used for propulsion 
in various ways. One that generates 
thrust directly and operates for a short in¬ 
tense burst is described by James R. Pow¬ 
ell on page 72. Such a design might make 
it possible to return rock samples to Barth 


from Pluto, Powell maintains. But there 
are other possibilities. A reactor could be 
designed to generate heat over long peri¬ 
ods. Several different schemes then would 
be available to convert the heat to elec¬ 
tricity to power ion drives, Hall thrusters 


or a new type of electric propulsion in 
early development known as a magneto- 
pi asmodvna mi c thruster. “You can mix 
and match different reactor and thrust 
concepts, 1 ' observes Gary L. Bennett, 
NASA's former manager of advanced 


in a material and making use of the heat gene rated by their capture. 
Neutron radiation also poses a danger to a human crew and would 
necessitate a large amount of shielding for piloted missions. 

These facts lead to a key difficulty in fusion fuel selection. Al¬ 
though it is easiest to initiate fusion between deuterium and tri¬ 
tium, for many propulsion concepts it would be more desirable 
to use deuterium and the isotope helium 3 (two protons, one 
neutron). Fusion of these nuclei produces an alpha particle and a 
proton, both of which can be manipulated by magnetic fields. 

The problem is that helium 3 is exceedingly rare on Earth. In addi¬ 
tion, the deuterium-helium 3 reaction is more difficult to ignite than 
the deuterium-tritium reaction. But regardless of the fusion fuel se¬ 
lected, a spacecraft of thousands of tons—much of it fuel— would 
be necessary to carry humans to the outer reaches of the solar sys¬ 
tem or deep into interstellar space (for comparison, the Internation¬ 
al Space Station will have a mass of about 500 tons). 

Even individually, the key obstacles to fusion propulsion—get¬ 
ting higher levels of power out of a control ied reaction, building 
effective containment devices and magnetic nozzles, and find¬ 
ing enough fuel—seem overwhelming. Still, for each of them, 
there is at least a glimmer of a future solution. 

In the first place, there is every reason to believe that fusion reac¬ 
tors will go far beyond the break-even point, at which a reactor pro¬ 
duces as much energy as is fed into it. Inertial confinement work in 
the U.S. is enjoying robust funding as part of the stockpile steward¬ 
ship program, in which researchers are working on methods of as¬ 
suring the safety and reliability of thermonuclear weapons without 
actually test-firing them. The research is centered at the National Ig¬ 
nition Facility, now under construction at Lawrence Livermore Na¬ 
tional Laboratory. The facility is expected to start up in 2001, with full 
laser energy of 1.8 million joules— for four billionths of a second- 
available in 2003. With that kind of power, researchers anticipate lib¬ 
erating up to 10 times the energy required to initiate the reaction. 

There are indications, too, that the tokamak, which has dominat¬ 
ed magnetic confinement research, may someday be supplanted 
by more compact technologies more amenable to rocket propul¬ 
sion. In 1996 the Fusion Energy Sciences Advisory Committee of 
the U.S. Department of Energy endorsed Investigation of such 
promising magnetic confinement schemes as reverse-field pinch¬ 
es, the field-reversed configuration and the spherical tokamak. 

In the meantime, workers have begun preliminary work on mag¬ 
netic nozzles. The largest research effort at present Is a collaboration 
among the National Aeronautics and Space Administration, Ohio 
State University and Los Alamos National Laboratory. Researchers 
from the three organizations are using extremely high electric cur¬ 
rents to create a plasma, which in the experiments stands in for a fu¬ 
sion plasma, and to study its interactions with a magnetic field. 

Even the fusion fuel problem may be tractable. Although there is 
very little helium 3 on Earth, there are larger quantities of it in the lu¬ 
nar soil and in Jupiter's atmosphere as well Also, other elements 
found on Earth, such as boron, may figure In alternative fusion reac¬ 
tions that are difficult to ignite but that yield alpha particles. 

For all the promise of fusion propuls ion, there is one known phys¬ 
ical phenomenon—matter-antimatter annihilation—that releases 


far more energy for a given mass of reactants. A space propulsion 
system based on this principle would exploit the mutual annihila¬ 
tion of protons and anti protons. 

This annihilation results in a succession of reactions. The first 
of these is the production of pions—short-lived particles, some 
of which may be manipulated by magnetic fields to produce 
thrust The pions resulting from matter-antimatter annihilation 
move at speeds dose to that of light. 

Here again, though, one of the key problems is scarcity: the num¬ 
ber of anti protons produced at high-energy particle accelerators all 
over the world adds up to only a few tens of nanograms a year. To 
carry humans on a rendezvous mission to the nearest star, Proxima 
Centauri, a matter-anti matter drive system would need tons of an¬ 
tiprotons. Trapping, storing and manipulating anti protons present 
other major challenges because the particles annihilate on con¬ 
tact with ordinary protons. 

Nevertheless, It may be possible to exploit, albeit to a lesser 
extent, antimatter's high en¬ 
ergy content while requiring 
much smaller numbers of 
antiprotons—amounts that 
are most likely to be available 
In the next decade. Such a sys¬ 
tem would use a mi proto ns to 
trigger inertial confinement 
fu sion. The a nti proton s wou I d 
penetrate the nuclei of heavy 
atoms, annihilating with pro¬ 
tons and causing the heavy 
n ud ei to fi ssi on. Th e energetic 
fission fragments would heat 
the fusion fuel, initiating the 
fusion reaction. The first steps 
toward determining the feasi¬ 
bility of such a propulsion sys¬ 
tem are already being taken 
under NASA sponsorship One 
research activity is the design and construction, at Pennsylvania 
State University, of a device tn which antiprotons could be 
trapped and transported. 

At this very early stage, the challenges to building fusion—let 
alone antimatter—propulsion systems may seem insurmountable. 
Yet humankind has achieved the seemingly impossible in the past. 
The Apollo program and the Manhattan Project, among other large 
undertakings, demonstrated what can be accomplished when fo¬ 
cused, concerted efforts and plenty of capital are brought to bear. 
With fusion and antimatter propulsion, the stakes could not be 
higher. For these will be the technologies with which humanity will 
finally and truly reach for the stars. 

STEPHANIE D. LEIFER is manager of advanced propulsion concepts 
in the Advanced Propulsion Technology Group at the Jet Propulsion 
Laboratory in Pasadena, Calif. AtJPL she has also studied solar sails 
and electric and micropropulsion systems. 



HUMAN-PILOTED interstellar 
spaceship would have a rotating 
structure in front, to simulate 
gravity in four compartments. 
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space propulsion systems. Yet strong pub¬ 
lic distaste for anything nuclear means 
that space reactors face enormous politi¬ 
cal obstacles, and NASA's effort in that 
area is now dormant. 

Beam Me Up 

W hether space nuclear power is 
eventually developed or not, in¬ 
ventive engineers and scientists are op¬ 
timistic about the prospects for further 
solar system exploration. Ivan Be key, a 
former top NASA official and now a 
consultant, believes that a sustained ef¬ 
fort could reduce launch costs from 
$20,000 a kilogram to as low as $2 a 
kilogram over the next 40 years. Fully 
reusable single-stage-to-orbit launchers 
should achieve the first factor of 10 
within a decade, he predicts. 

Engines that combine hypersonic 
technology and rocket propulsion, to¬ 
gether with new high-energy propellants, 
should achieve another factor of 10. 
(Reusable single-stage-to-orbit vehicles 
that could each fly 1,000 flights a year 


would be another way of bringing 
launch costs down to $200 per kilogram, 
Bekey estimates.) Bekey is unpressed, 
too, with the potential of magnetically 
levitated catapults, devices that would 
suspend a rocket craft above a track like 
a maglev train. The track would have an 
upward curve at one end—built, perhaps, 
on the side of a mountain. The rocket- 
powered vehicle would accelerate along 
the track and leave it skyward at a 30- to 
40-degree angle and about the speed of 
sound. 

Beyond 20 years from now, Bekey en¬ 
visages microwave-powered vehicles like 
the designs described by Leik N, Myrabo 
of Rensselaer Polytechnic Institute [see 
box an page 68]. These craft would cre¬ 
ate thrust by means of what are termed 
magnetohydrodynamic forces, which 
arise when a conductive fluid or gas 
moves through crossed electric and mag¬ 
netic fields. The engineering obstacles are 
substantial—but many of those who have 
examined the principle believe it could he 
made to work. Because beamed energy 
means that neither oxidizer nor fuel has 


to be carried our of Earth’s gravitational 
potential well, laser- or microwave-driv¬ 
en craft should reduce launch costs to 
$20 a kilogram, Bekey asserts. 

Myrabo and others believe beamed- 
energy craft could be supported by a net¬ 
work of orbital solar-power stations. In 
principle, power stations in space have 
many advantages: for the part of their or¬ 
bit when they are illuminated by the sun, 
they are assured of receiving plenty of 
photons. NASA, spurred by an enthusias¬ 
tic Dana Rohrabacher, representative 
from California and chairman of the 
House of Representatives's subcommit¬ 
tee on space and aeronautics, is studying 
the idea for supplying power to users on 
the ground. But Venneri says that “in the 
past the economics have not been there” 
to support that application. Using inflat¬ 
able structures in low-Earth orbit could 
bring costs down somewhat, he adds. 

Orbital solar-power stations, which 
could resemble the alien saucers in the 
movie Independence Day , might how¬ 
ever make more economic sense if their 
energy were used by craft in transit 
through Earth’s atmospheric veil. That, 
at any rate, is Myrabo’s contention. 

Space enthusiasts are also gung-ho 
about the potential of tethers, long con¬ 
necting cables that in orbit acquire as¬ 
tonishing properties nearly qualifying 
them as a means of propulsion. Their 
bizarre behavior arises because to stay 
in orbit, objects farther from Earth’s 
center must maintain a slightly slower 
horizontal velocity than closer objects. 
As a result, when objects at different al¬ 
titudes are connected by a tether more 
than a few hundred meters long, pow¬ 
erful forces keep it in tension. 

Other physical principles, notably the 
conservation of angular momentum, can 
then operate on the tethered bodies. The 
upshot, via some counterintuitive me¬ 
chanics, is that a tether can be used like a 
giant slingshot to transfer momentum 
efficiently between payloads and so 
quickly propel satellites between orbits. 
Electrically conducting versions can even 
be used to generate electricity or con¬ 
tribute lift \see box on page 66 ]. Yet pre¬ 
dicting and controlling the dynamics of 
large, multibody systems in orbit remains 
a difficult challenge, Venneri cautions. 

Tethers even open up the startling pos¬ 
sibility of connecting the whole Earth to 
a satellite in geostationary orbit by a 
fixed line attached at a point on the 
equator. Climbing devices could then 
ascend the tether to reach any desired 



"WORLD'S FIRST FULLY REUSABLE LAUNCH VEHICLE" is how Kistler Aerospace in Kirk¬ 
land, Wash., describes its K-l rocket, scheduled to fly late this year. The two-stage rock¬ 
et utilizes Russian-built engines that run on kerosene and liquid oxygen. The separated 
stages return to Earth by parachute. 


76 Scientific American February 1999 


The Way to Go in Space 



















□ON FOLEY 


ION ENGINE is Eying now on the Deep Space 1 spacecraft, which is electric fields that accelerate charged atoms of xenon. The engine 
scheduled to visit a comet. The system uses solar panels to generate can operate for weeks at a time and so reach high velocities. 


altitude up to 36,000 kilometers, for 
very little energy. 

Such a tether could not be built today, 
because the forces it would experience 
mean it would have to be made from a 
material far stronger for its weight than 
Kevlar, the polymer used for some small- 
scale tethers. But Bekey points out that 
buckytubes, microscopic fibers made of 
carbon atoms assembled into tubes just 
a few nanometers in diameteg might fit 
the bill. “When we learn how to grow 
them into long ropes and work them 
and tie them, we’ll be able to make a 
tether 600 times stronger than with cur- 
rent materials,” he predicts, with airy 
confidence. That would be more than 
strong enough. A geostationary tether 
system could reduce launch costs to S2 a 
kilogram, Bekey insists. 

The Way to Go in Space 


As if such schemes were not ambitious 
enough, long-term thinkers are even now 
studying concepts that might one day al¬ 
low humans to send a spacecraft to an¬ 
other star The most promising approach 
at present seems to be light sails [see box 
on page 70]. Such devices might well also 
be employed to move cargo around the 
solar system. 

Tapping the huge theoretical power of 
fusion to propel spacecraft has its devo¬ 
tees, too. Although controlled produc¬ 
tion of useful energy from fusion has nor 
yet been demonstrated even on Earth, 
hope springs eternal, and a fusion reactor 
in space would be able to provide enough 
energy to reach any solar system destina¬ 
tion with ease [see box on page 74]. 

Other notions for propulsion tech¬ 
nologies are even more far-out and 


have been floated as possible means for 
making interstellar journeys: quantum 
teleportation, wormholes in space and 
the elimination of momentum. These 
mind-boggling ideas seem to require 
entirely new understandings of physics 
to be pur into practice; the steps for 
making them feasible cannot even be 
listed today. Even so, serious investiga¬ 
tors continue to look for ways to turn 
each of these concepts into reality. If 
they work, they will change radically 
our ideas about the universe* And who 
is to say that any of them will prove 
forever impossible? EZJ 


Further reading for this article is avail¬ 
able at unmv.sdam. com!1999/0299i$$ue/ 
0299beardsleyboxl.html on the World 
Wide Web , 
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THE AMATEUR SCIENTIST 

by Shawn Carlson 


Tackling the Triple Point 



and freezing points of water. But it's not 
so simple* These temperatures cannot 
be reproduced accurately, because they 
depend on factors that are difficult to 
control, like atmospheric pressure. For 
precise work, researchers must resort to 
more sophisticated techniques. 

One method is based on a 
wonderfully repeatable proper¬ 
ty of water: the unique temper¬ 
ature, called the triple point, at 
which water can exist with its 
solid, liquid and gas phases all 
in equilibrium. To reproduce 
this temperature, defined to 


INSULATED 
CONTAINER. 
WITH CRUSHED 
ICE AND WATER 


O ne of the horrible truths of 
scientific research is that 
simple and inexpensive tech¬ 
niques will get you just so far. Beyond 
some point, increasing accuracy can be 
obtained only with a disproportional 
rise in expense, sweat and frustration. 
That's partly because accurate measure¬ 
ments require an extremely well cali¬ 
brated instrument, and providing such 
an exact scale can be a vexing challenge. 

Consider thermometers. You might 
think they would be easy to calibrate: 
just determine what they read at two 
known temperatures, like the boiling 


THERMOMETER 


be exactly 0.01 degree Celsius, re¬ 
searchers rely on a special Pyrex flask 
filled with ultrapure water, evacuated 
with a vacuum pump and then hermeti¬ 
cally sealed with a blowtorch. At 
$1,000 apiece, such “triple-point cells” 
are beyond the budgets of most home 
laboratories. 

But that is about to change, thanks to 
George Schmermund, a gifted amateur 
scientist in Vista, Calif. His device re¬ 
mains within about 0.0001 degree C of 
the triple point for days and costs less 
than $50 to build. 

The cell is simple to construct. Start 
with a Pyrex straight-walled flask about 
five centimeters (two inches) in diame¬ 
ter and at least 17 centimeters (seven 
inches) long. Schmermund hires a glass- 
blower to thicken and angle the open¬ 
ing slightly for a snug fit between the 
flask and a large rubber stopper. With¬ 
out these modifications the lip can shat¬ 
ter explosively. As a precaution, wrap 
the top two centimeters of the flask 
with electrical tape. 

Drill a hole in the stopper and insert a 
long Pyrex test tube so that it reaches to 
within two centimeters of the bottom of 


THERMOMETER CAIJBRATIQN 
can be performed with a triple-point cell 
(left), which settles at 0,01 degree Cel¬ 
sius: the unique temperature at which 
water can exist in its solid, liquid and 
gas phases all in equilibrium (bottom). 
Note that a portion of the crushed ice , 
which should cover the cell , has been 
removed to provide a better mew 
of the apparatus. 
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the flask. Then hermetically seal the 
joint with silicone cement. To ensure a 
tight fit between the stopper and the 
flask, spread a thin film of silicone vac- 
uurn grease uniformly around the bot¬ 
tom two thirds of the stopper. 

Although professional units contain 
ultrapure, triple-distilled water, Schmer- 
mund has discovered that ordi¬ 
nary distilled water from a grocery 
store works just fine. Fill the flask 
until the water comes to about 
five centimeters below the stopper 
when assembled. 

Next, you must remove air 
from the chamber atmosphere as 
well as any gases dissolved in the 
water. Schrnermund eliminates the 
need for a vacuum pump by sim¬ 
ply boiling the water—the ex¬ 
panding steam will force out the 
air molecules. First, though, to 
prevent the water from boiling too 
violently, shatter a dean test tube 
inside a towel and drop a few 
shards into the flask to act as nu- 
cleation sites for the forming bub¬ 
bles. Then, secure the cell in a ring 
stand and gently rest the stopper 
on top of the flask to allow the 
steam to escape. 

Heat the flask’s bottom with a 
propane torch until the water 
boils gently. Dissolved gases in the 
flask will form visible bubbles on 
the inner test tube. Keep the water 
boiling until the convection cur¬ 
rents have swept them away and 
until you no Longer see any con¬ 
densation inside at the top. The 
condensation wall disappear when 
the internal atmosphere has been 
completely replaced by hot steam. 

Remove the flame and quickly 
press the stopper down to form a vacu¬ 
um-tight seal. Before doing so, be sure to 
protect your hands and arms by wearing 
long sleeves and a pair of hot-water 
gloves used by professional dishwashers. 
Also, hold a towel against the flask. 

ff you immerse the hot, tightly sealed 
cell in a cool bath, the water inside the 
flask will boil again. This delightful ef¬ 
fect occurs as the water vapor within 
the cell condenses, lowering the internal 
pressure, which then decreases the boil¬ 
ing temperature. When the ceil cools 
completely, you should test the quality 
of the vacuum by giving the cell a gentle 
vertical shake. (Be careful, because a 


vigorous jolt could shatter the glass.) 
You should hear a sharp “snap" caused 
by the so-called water-hammer effect: 
the water, uncushioned by air, will slam 
full-force into the glass. If you don’t 
hear the sound, regenerate the vacuum. 

To reach the triple point, first chill the 
cell overnight in a refrigerator. Next, 


you’ll need to form a thick ice mantle 
around the inner test tube. Professionals 
usually pour a frigid mixture of dry ice 
and alcohol into the inner well, but 
Schrnermund gets fantastic results with 
liquid nitrogen, which is much colder. 
You’ll find both refrigerants at your local 
welder’s supply store. Before you add the 
coolant, dry the inner surface of the test 
tube thoroughly because the glass could 
crack if ice forms inside the well. Keep in 
mind that refraction will make the ice 
mantle appear to grow faster than it ac¬ 
tually does. When the mantle looks like 
it is nearly touching the flask, dump out 
the remaining refrigerant. 


Using liquid nitrogen entails a compli¬ 
cation. The ice mantle will form fastest at 
the bottom where it is in contact with the 
nitrogen for the longest time. To make the 
mande more even, Schrnermund periodi¬ 
cally lets all the nitrogen boil away and 
then drops in progressively longer wood¬ 
en dowels. Additional nitrogen boils ener¬ 
getically around the dowel, and the 
expanding gases tend to keep the 
coolant above the dowel’s top. 

Separate the mantle from the test 
tube by filling the well with distilled 
water and 10 percent isopropyl al¬ 
cohol to melt the mantle’s inner sur¬ 
face. Don’t be alarmed, though, 
when the ice cracks violently. If 
when you rotate the flask the man¬ 
tle stays put, the ice is no longer 
stuck to the glass. When that hap¬ 
pens pour off enough of the water- 
alcohol mixture so that its level is 
two centimeters below the top of 
the ice. 

Last, place the cell inside an insu¬ 
lated drink container filled with 
crushed ice and water. Because the 
ice mantle is buoyant, it will press up 
against the bottom of the inner test 
tube, making this spot slightly colder 
than the triple point. A cutting from 
a pencil eraser makes an ideal spacer. 
Rest the thermometer on top of the 
eraser cutting inside the well. In 
about an hour, the thermometer will 
settle on the triple point. 

To determine temperature, the 
best thermometers work by measur¬ 
ing the resistance across a thin plat¬ 
inum wire. Because the change in re¬ 
sistance caused by a given tempera¬ 
ture difference is well known for 
platinum, the triple point is all you’ll 
need to calibrate the instrument. 
Sadly, such thermometers are very expen¬ 
sive. But Schrnermund has an answer for 
that too, as you’ll see in my next column. 

For more information about this and 
other amateur projects from “The Ama¬ 
teur Scientist, ” check the on-line discus¬ 
sion at web2.thesphere.com/SAS/WebX.cgi 
on the World Wide Web . As a service to 
the amateur community, the Society for 
Amateur Scientists is making the Schmer- 
mund triple-point cell available for $75. 
Sard a check to the society at 4755 
Clairemont Square, Suite 179San 
Diego, CA 92117, or call the society at 
619-239-8807 . 



TRIPLE-POINT CELL 

is a vacuum-tight flask containing water vapor; 
liquid water and an ice mantle that has formed 
around an inner test tube . 
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MATHEMATICAL RECREATIONS 

by Ian Stewart 


Origami Tessellations 


T he art of origami, or paper 
folding, has many mathemati¬ 
cal aspects. This month I want 
to focus on a curious circle of ideas con¬ 
necting paper folding, tiling patterns and 
engineering. 

This topic was brought to my atten¬ 
tion by engineer Tib or Tarnai of the 
Technical University of Budapest in his 
article “Folding of Uniform Plane Tes¬ 
sellations” in the conference proceed¬ 
ings Origami Science & Art, edited by 
Koryo Miura et al. (Gtsu, Shiga, 
Japan, 1994). 

One of the phenomena that engineers 
spend much effort understanding is 
buckling. Any structure that is subjected 
to excessive force will either break or 
buckle. Buckling patterns are especially 
interesting when the object is a relative¬ 
ly thin shell of metal Such structures 
possess considerable strength but use 
less material than solid ones do, saving 
both cost and weight. Perhaps the most 
commonplace metal shell is the alu¬ 
minum soft-drink can, a masterpiece of 
high-precision mass production. 

If a metal cylinder is compressed 
along its length, it remains cylindrical 
until the force reaches a critical value, 
the buckling load. Then the cylinder 
suddenly deforms into a mess. In careful 
laboratory experiments, however, you 
can restrict the amount of movement— 



YQSHIMURA PATTERN 
corresponds to the primary mode 
of buckling of a cyf linden 


say, by fitting a slightly smaller solid 
cylinder inside the can or a tough glass 
cylinder outside it, leaving a small gap. 
In this way, you can observe the pattern 
of buckling when it first begins. 

Indeed, for a cylindrical metal shell 
this primary buckling mode is a beauti¬ 
ful, symmetric pattern of diamond¬ 
shaped dimples. This pattern is very 
close to one that can be made by folding 


a sheet of paper into triangles and 
rolling it into a cylinder. Note that paper 
buckles and crumples in much the same 
manner as a thin metal sheet does. 

The primary buckling mode is familiar 
to engineers as the Yoshimura pattern 
\ see illustration at left ]. Small regions of 
this pattern can be joined to a rounded 
cylinder, giving an excellent approxima¬ 
tion of “local” buckling where the cylin¬ 
der first fails at some slightly weaker 
part. The Yoshimura pattern is made by 
starting with a tiling of the plane, called 
a tessellation, by isosceles triangles. 

Tarnai wondered whether other tes¬ 
sellations of the plane can be folded in a 
similar maimer. It has been known since 
ancient times that there are precisely 
three regular uniform tessellations. 
“Regular” means that aE tiles are identi¬ 
cal and that each is a regular polygon; 
“uniform” means that the arrangement 
of tiles is the same at every vertex. These 
arc the tessellations by equilateral trian¬ 
gles, squares and a honeycomb of hex¬ 
agons. Swiss mathematician Ludwig 
Schlafli showed in the 1850s that there 
are precisely eight further uniform 
“scmiregular” tessellations, in which all 
tiles are regular polygons but not neces¬ 
sarily identical. Such a tessellation is 
conveniently denoted by its Schlafli 
symbol, which lists die number of faces 
of each tile in order around the vertex. 

For example, the honeycomb has the 
Schlafli symbol (6meaning that there 
arc three hexagons at each vertex. The 
other two regular uniform tessel¬ 
lations have Schlafli symbols (3 s ) 
and (4 4 ). The scmiregular uniform 
tessellations have Schlafli symbols 
(3 4 .6), (3\4 2 ), (3 2 .4.3.4), (3.4.6.4), 
{3.63.6), (3.12 2 ), (4.6.12) and 
(4.8 2 ). To elucidate, tessellation 
(3.4.6.4) has an equilateral tri¬ 
angle (3), then a square (4), then a 
hexagon (6), then another square 
(4) at each vertex. The tessellation 
£j for the Yoshimura pattern em¬ 
ploys a tile that is not a regular 
polygon, so it is not included in 
this list, but it is similar to (3 s ). 

Which—if any—of these pat¬ 
terns can be folded along edges 
of the polygons, keeping the 





( 3 . 6 . 3 . 6 } 





THE EIGHT TYPES of semiregular tessellations 
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BUCKLED CYLINDERS correspond to red\ green and orange foldings (below). 


polygonal faces themselves perfectly 
flat? Well, you can certainly fold the 
“bathroom tile” pattern (4 4 ) by creas¬ 
ing the paper along just horizontal lines 
or just vertical ones. But you can’t 
crease it along a horizontal line and a 
vertical one, because the tiles are forced 
to bend out of their planes where the 
two creases meet, so these folding pat¬ 
terns are not terribly interesting. 

In 1989 Koryo Miura proved that no 
tessellation in which three edges meet at 
a vertex can be folded, which rules out 
(6 J ), (3.12 2 ), (4.6.12) and (4.8 2 ). It is 
easy to see that tessellations (3 4 .6) and 
(3 A6.4) also cannot be folded. 

Straight lines run along tessellation 
(3.6.3.6), just as they do for (4 4 ), and it 
can be folded along those lines, but 
again the results are not interesting. 
This leaves only (3 6 ), (3 3 .4 2 ) and 
(3 2 4.3.4). Not only can these be folded, 
but they can be wrapped around a 
cylinder; like the Yoshimura pattern. So 
they are potentially interesting as engi¬ 
neering models. 

In fact, these three tessellations can be 
folded in many different ways. The illus¬ 
tration below shows four ways to fold 
(3 2 A3.4), with solid lines indicating 
“mountain” folds and dotted lines “val¬ 
ley” folds. That is, viewed from one side 
of the paper, these two kinds of fold are 
made in opposite directions. Above are 
three of the resulting buckled cylinders. 

The pattern of fold lines in each case 
repeats over the whole plane like a lat¬ 
tice. The shaded parallelograms in the 
illustration below indicate a unit cell, 
which if repeated over the whole plane 
determines all the directions of folding. 
The smallest possible unit cell (red) con- 



FOLDING D1AGRAN1S 
of tessellation (3 2 A3A) are shown, 
with two (red), four (green), six (blue) or 
eight (orange) squares in a unit cell 


tains two square tiles and four triangu¬ 
lar ones. One of these squares is broken 
into two pieces that join to form a 
square if opposite edges of the unit ceil 
are wrapped around to be conceptually 
adjacent to each other. Tarnai conjec¬ 
tures that this is the only possible fold¬ 
ing pattern in which the unit cell con¬ 
tains two squares. 

The second unit cell (green) contains 
four squares and is also conjectured to 
be the unique folding with that prop¬ 
erty. The third unit cell (blue) contains 
six squares; foldings with this property 
are definitely nor unique, and you might 
like to tty to find another one. The last 
unit cell (orange) contains eight squares. 


and again such foldings are not unique. 
You can have fun finding foldings for 
(3 6 ) and (3 3 .4 2 ). 

As with the Yoshimura pattern, some 
of these foldings resemble buckling pat¬ 
terns found in experiments with real cyl¬ 
inders. Moreover, the buckling can lie 
modeled on a computer by pretending 
that the flat tiles in the tessellation are 
hinged together by some kind of springy 
material. The results are especially useful 
in the study of box columns, hollow 
girders with square cross sections, which 
are common in everyday buildings. It is 
fascinating to see how a tiny hit of math 
can unite an ancient art and a modem, 
practical science. © 



A yf icbele A. Vaccaro of Rome, Italy, raised an important issue concerning the 
1VA Bellows Conjecture [July 1998]. The article stated that there is an algebraic 

I formula relating the volume of a polyhedron to the lengths of its sides, which in 
turn implies that the volume cannot change when the polyhedron is continuous¬ 
ly deformed—so there is no polyhedral bellows with perfectly rigid faces. When 
making Klaus Steffen's flexible polyhedron out of cardboard, however, Vaccaro in¬ 
advertently displaced a few of the valley and mountain folds and by good fortune 
obtained another polyhedron. 

Because it is made from exactly the same faces as Steffen's polyhedron, it has 
the same edge lengths. But Vaccaro could see at once that it had a larger volume. 

Nevertheless, the volume formula is not wrong. Imagine a cube with a shallow 
pyramid built on one end.The pyramid can be built outward like a roof or inward 
like a dimple. Clearly, the volumes of these two solids are different—yet they have 
the same edge lengths. 

Given the edge lengths, the volume formula allows you to solve a polynomial 
equation to find the volume. Polynomial equations in general have several dis- 

i tinct solutions, only one of which is the correct volume for a given polyhedron. 
Another polyhedron might have the same edge lengths but a different volume— 
which is one of the other solutions. 

None of this affects the nonexistence of a mathematical bellows, because a con¬ 
tinuous change in the polyhedron cannot switch its volume from one solution of 
the equation to a different one. The solutions are finite in number, so between any 
two of them are numbers that are not solutions. So the volume can jump—say, by 
changing the roof of that cube into a dimple—but it can't change gradually. — f.S. 
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THE NARRATIVE OF NUMBERS 

Review by Simon Singh 

Once upon a Number: The Hidden Mathematical Logic of Stories 
BY JOHN ALLEN PAULOS 
Basic Books, New York, 1998 ($23) 



John Allen Paul os 
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O ver the past few years, hooks 
about mathematics have be¬ 
come fashionable. For exam¬ 
ple, a biography of John Nash, a couple 
of biographies of Paul Erdos and two 
histories of Fermat’s Last Theorem 
have all become top sellers. Storytelling 
has played a major role in the success 
of all these books, hut in each case the 
stories relate to the mathematicians 
rather than the mathematics. In Once 
upon a Number.\ John Allen Paulos, pro¬ 
fessor of mathematics at Temple Univer¬ 
sity and author of Innumeracy and A 
Mathematician Reads the Newspaper, 
reverses the situation. He is not inter¬ 
ested in stories that involve mathemati¬ 
cians but instead focuses on stories that 
revolve around mathematics. These sto¬ 
ries provide an ideal environment for 
nonmathematicians to encounter math¬ 
ematical ideas and examine them in 
comfort, without the fear usually asso¬ 
ciated with the subject. 


An example of one of Paulos’s stories 
concerns the trial of O. J. Simpson, a sur¬ 
prisingly rich source of mathematical 
anecdotes. During the trial, Alan Der- 
showitz, Simpson’s attorney, repeatedly 
declared that of all the women abused by 
their mates, fewer than one in 1,000 are 
killed by them, and hence the spousal 
abuse in the Simpsons 1 marriage was ir¬ 
relevant to the case. At first sight, his rea¬ 
soning might seem to make sense. Paulos 
points out, however, that Dershowitz’s 
argument is nothing more than a non se- 
quitur hidden within a wonderfully 
sneaky story. If Nicole Simpson were still 
alive, then it would be fair to say that it 
would he unlikely that in the future she 
would he killed by her abuser. But we 
know that Nicole Simpson is dead, and 
the more relevant fact is that 80 percent 
of women in abusive relationships who 
are murdered are killed by their partners. 
One of the great lessons of Paul os’s book 
is to be wary of who is telling the story, 
which facts they include and, more im¬ 
portant, which facts they exclude. 

In another tale, Paulos shows that one 
way to motivate our problem-solving 
skills is to couch a mathematical riddle in 
terms of a story that arouses one of our 
primeval instincts. To demonstrate this, 
he asks us to imagine a deck of cards such 
that each card has a letter on one side and 
a number on the other. Four cards are 
placed on die table so that we can sec the 
sequence D, F, 3, 2. The question is this: 
Which two cards must you turn over to 
demonstrate that if a card has a D on one 
side, it has a 3 on the other? 

Most people will turn over cards D 
and 3, but in fact, you should turn over 
D and 2. The question is not difficult, 
and yet instinct misleads most people. 
Consider the following problem. A 
bouncer at a bar must throw out under¬ 
age drinkers. There are four people at 
the bar, and he knows they are a beer 
drinker, a cola drinker, a 28-year-old and 
a 16-year-old. Which two should he in¬ 


terrogate further? In contrast to the first 
problem, which is essentially identical, 
most people are correct in identifying the 
beer drinker and the 16-year-old. Paulos 
points to research in evolutionary psy¬ 
chology that suggests our brains have 
evolved to spot cheats, and hence a 
mathematical problem that exploits this 
talent is easier for us to deal with than 
an abstract version of the same problem. 

Popularizcrs of mathematics often 
rely on a standard collection of tried 
and trusted tales to illustrate particular 
topics painlessly, and anyone who regu¬ 
larly reads books on the subject will 
have had the experience of encountering 
the same old stories again and again. 
These stories are often so delightful that 
we do not mind being reminded of 
them, but one of Pa ulus’s great strengths 
is his ability to invent new stories or at 
least add new twists to old ones. 

Making Stories Count 

T he traditional story (a version of 
which readers may recall from Ian 
Stewart’s ^Mathematical Recreations” 
column in August 1998) concerns two 
students with mud on their forehead. 
Each sees the other’s smudge but is un¬ 
aware of his own. Their professor enters 
the room and states that at least one of 
them has a smudge on his forehead, This 
is something that they already know, but 
the result of this apparently redundant 
information is that both students, after 
hesitating for a short while, simultane¬ 
ously wipe the smudge from their fore¬ 
heads. The first student reasons that if his 
forehead was clean, then the second stu¬ 
dent would see this and immediately real¬ 
ize that the smudge must be on his own 
forehead. Because he does not see an in¬ 
stant reaction, the first student knows 
that he must have a smudge and wipes 
his forehead. The second student goes 
through the same thought process. The 
problem can he extended to several mud¬ 
dy students, and as long as the professor 
says that at least one of them has a 
smudge, then they all realize, after a 
pause proportional to the number of stu¬ 
dents, diat they all have a smudge. 

In Paulos’s spicier version of the story, 
there are 50 married couples, and each 
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woman knows when another woman’s 
husband has been unfaithful but never 
when her own husband has, Trie statutes 
of the village require that if a woman can 
prove that her husband has been unfaith¬ 
ful, she must kill him that very day. As it 
happens, all 50 of the men have been un¬ 
faithful, Even though all the women are 
statute-abiding and rational, nothing 
happens until the tribal matriarch visits 
and says that there is at least one 
philandering husband in the village. 
Nothing happens for 49 days, but 
on the 50th day, after a process of si¬ 
multaneous “meta-reasoning, 11 there 
is a bloodbath, and all the husbands 
are slaughtered. 

This is a wonderful story, but Paulos 
takes it one step further by retelling it in 
terms of the Asian currency crisis. He re¬ 
places the wives with investors in differ¬ 
ent countries, their uneasiness about 
infidelity with nervousness about the 
markets, and slaying husbands with sell¬ 
ing stocks. Each market suspected that 
the other markets were weak but was 
unaware of its own weakness until the 
Malaysian prime minister gave a speech 
in April 1997 that may have functioned 
as the matriarch’s warning and triggered 
the crisis. The crash was not immediate, 
and perhaps the lengthy delay was due 


to a lengthy process of meta-reasoning. 

Beyond looking at mathematical 
problems within the context of stories, 
Paulos attempts to draw parallels be¬ 
tween mathematics and stories in gener¬ 
al, “In between vignettes and parables, 11 
he promises to “limn the intricate con¬ 
nections between two fundamental ways 
of relating to our world—narratives and 
numbers. Bridging this gap has been, in 

The trial of O. J. Simpson 
provides a surprisingly rich source 
of mathematical anecdotes. 

one way or another, a concern in all my 
previous books,” Some of his “bridg¬ 
ing 11 is quite specific: he argues, for ex¬ 
ample, that we can interpret the struc¬ 
ture of a joke in terms of catastrophe 
theory—the punch line confounds expec¬ 
tation, which is equivalent to a disconti¬ 
nuity, Such observations are intriguing, 
but occasionally the analogies and con¬ 
clusions seem slightly tenuous. When 
discussing the rationalization of coinci¬ 
dences, Paulos warns readers that “be¬ 
cause the stories we believe become, at 
least metaphorically, a part of us, we are 
disposed, perhaps out of a sense of self- 
preservation, to look always for their 


confirmation, seldom their disconfirma- 
tion,” Paulos himself seems to be some¬ 
times guilty- of this crime, but not to such 
an extent to spoil his overall argument. 
By the end of the book he has moved 
back to a broader contemplation of 
bridge building, suggesting that the dis¬ 
junction between stories and statistics, 
and perhaps even between religion and 
science, may be a different guise of the 
mind-body problem, “the relationship 
between consciousness and physical 
stuff, 11 Paulos believes there is ample 
space for both—for narratives and 
numbers, for religion and science— 
within the world’s complexity, al¬ 
though an increasingly important prob¬ 
lem is how we can vouchsafe a place for 
the individual, protected from the power¬ 
ful tug of these various influences. The 
solution, he concludes, will require ac¬ 
cepting “the in dispensability of both sto¬ 
ries and statistics—and of their nexus, 
the individual who uses and is shaped by 
both. The gap between stories and statis¬ 
tics must be filled somehow by us.” 

SIMON SINGH is a physicist turned 
science journalist He is a TV producer 
and author of Fermat’s Enigma: The 
Quest to Solve the Worlds Greatest Math¬ 
ematical Problem (Anchor Books, 1998). 


THE EDITORS RECOMMEND 


REASON ENOUGH TO HOPE: AMERICA 
AND THE WORLD OF THE TWENTY-FIRST 
CENTURY, Philip Morrison and Kosta Tsipis. 
MIT Press, Cambridge, Mass., 1998 ($25). 

Painting on a broad canvas, Morrison 
and Tsipis develop a picture of what global 
conditions might be in the coming decades. 
Their book is about “what is possible and 
hopeful” in human affairs. They treat die is¬ 
sues of war and peace, the gl owing human 
population, the need for economic develop¬ 
ment to reduce mass poverty, and the price 
of continued growth in its effects on the 
global environment. Three major perils that 
lie ahead, the authors say, can be mitigated 
by intelligent action. The first is large-scale 
war; die intelligent action is to build a “sys¬ 
tem of Common Security among nations,” 
meanwhile gaining firm control over all nu¬ 
clear weapons and reducing military bud¬ 
gets below some 2 percent of gross domestic 
product. The second peril is “the unmet dai¬ 
ly needs of billions of people, 1 ’ for which the 
response is “Common Development,” fi¬ 
nanced in large part by the savings in mili¬ 
tary expenditures. The third is degradation 


of die global environment; the response is to 
“move toward a better and fairer regime of 
frugality’ and efficiency 11 that would make it 
possible to “confront under global consen¬ 
sus the environmental problems whose ad¬ 
vent and whose remedy must be found on 
still grander a scale.” In sum: “The opti¬ 
mistic message of this hook stands on a sim¬ 
ple recognition. The fundamental parame¬ 
ters governing the outlook for humanity’s 
future in terms of energy, war, water, food, 
and pop illation are hopeful.” 

ROBOT: MERE MACHINE TO TRANSCEN¬ 
DENT MIND, Flans Moravec, Oxford 
University Press, New York, 1998 ($25), 
Moravec, founder of the Robotics Insti¬ 
tute at Carnegie Mellon University, foresees 
big things for robots, “Barring cataclysms, I 
consider the development of intelligent ma¬ 
chines a near-term inevitability'.” First-gen¬ 
eration universal robots, with lizard-scale 
intelligence, will be at hand by 2010, lie 
says. No more than 30 years later, fourth- 
generation robots will have human-scale 
processing power. “The fourth robot gener¬ 


ation .,. will have human perceptual and 
motor abilities and superior reasoning pow¬ 
ers. They could replace us in every essential 
task and, in principle, operate our society 
increasingly well without us,” Indeed, they 
should he able to carry human capabilities 
into the rest of die uni verse. And what will 
people do when the robots take over? They 
will ail be able to lead the kind of life now 
enjoyed only by the idle rich. 
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IN THE EYE OF THE BEHOLDER: THE 
SCIENCE OF FACE PERCEPTION. Vicki 
Bruce and Andy Young, Oxford Universi¬ 
ty Press, New York, 1998 ($39.95). 

One of the marvels of human perception 
is how quickly we recognize a face and read 
its expression. No less impressive is our abil¬ 
ity to call a face up from memory without 
actually seeing it. Bruce and Young are 
British psychologists who analyze both the 
psychology and the physiology of face per¬ 
ception. They wrote the book to accompa¬ 
ny an exhibition, “The Science of the Face, 7 ' 1 
presented by the Scottish National Portrait 
Gallery in Edinburgh last spring. A number 
of portraits from the gallery serve to illus¬ 
trate points in die tale, as do computer ma¬ 
nipulations of facial charactcristies. One 
learns a great deal about what goes on in 
the brain as one looks at a face, but in the 
end the authors conclude that “many things 
remain mysterious” about the process. 

PROBABILITY 1: WHY THERE MUST BE 
INTELLIGENT LIFE IN THE UNIVERSE. 
Amir D. Aczel. Harcourt Brace &c Com¬ 
pany, New York, 1998 ($22). 

Probability 1, meaning a certainty that 
the thing will happen, is what mathemati¬ 
cian atid probability theorist Aczel assigns 
to the discovery of intelligent life elsewhere 
in the universe. The idea is very old; Aczel 
quotes Epicurus (341-270 B.C.) as saying 
there are many worlds, all with “living 
creatures and plants and other things we 
see in this world.” Recent discoveries of 
planets orbiting stars other than the sun in¬ 
crease the odds. Astronomer Frank D. 
Drake, long involved with the search for 
extraterrestrial intelligence, has formulated 
an equation: N = N :i L, where N 

stands for the number of civilizations in 
our galaxy capable of communicating with 
other civilizations. is the number of 
stars in the galaxy (billions in the Milky 
Way), fp the percentage of stars with plan¬ 
ets (debatable but high), n e the number of 
planets with environments favorable to life 
(roughly 10 percent), /) the fraction of 
planets with life (guesswork but perhaps 
with a probability of 0.1 or 0.2), f] the pro¬ 
portion of those planets on which intelli¬ 


gent life has evolved (again guesswork, 
with probabilities ranging from 0.1 to 
0.5), f c the fraction of planets able to com¬ 
municate with other civilizations by radio 
or some other means (inestimable until 
Earth receives such a communication), and 
L for the longevity of the civilization. 
Drake believes that N may be as high as 
10,332; the late Carl Sagan put it at about 
a million. Aczel's quest is for intelligent life 
anywhere else in the universe, not just in 
our galaxy. Here he is dealing with almost 
incomprehensibly big numbers. “Our gal¬ 
axy has about 300 billion stars (although 
some estimates are lower), and let’s assume 
there are 100 billion galaxies in the uni¬ 
verse.” Hence, even though the probability 
of life around any one star is extremely 
small, the compound probability with such 
vast numbers of stars to consider rises to 1. 

Q IS FOR QUANTUM: AN ENCYCLOPE¬ 
DIA OF PARTICLE PHYSICS- John Grib- 
bin. Free Press, New York, 1999 ($35). 

For people who have difficulty keeping 
the color and flavor of quarks straight, 
and for physicists seeking a brief summary 
of major events or the lives of prominent 
men and women in their field, Gribbin 
provides a splendid reference work. His 
nine-page introduction puts the develop¬ 
ment, present state and importance of 
particle physics in a sharp light. The A-Z 
dictionary runs from “Abelian group” to 
“Zweig, George (1937-).” A concluding 
section called Tunelines, compiled by Ben¬ 
jamin Gribbin, presents in three adjoining 
columns the birth dates and career sum¬ 
maries of scientists “who made significant 
contributions to our understanding of the 
quantum world,” key dates in science and 
key dates in history. 

John Gribbin offers, besides a wealth of 
facts, a tart opinion about science teach¬ 
ing. There is, he says, “a deep flaw in the 
whole way in which science is taught, by 
recapitulating the work of the great scien¬ 
tists from Galileo to the present day, and it 
is no wonder that diis approach bores the 
pants off kids in school. The right way to 
teach science is to start out with the excit¬ 
ing new ideas, things like quantum physics 
and black holes, building on the physical 
principles and not worrying too much too 
soon about the mathematical subtleties.” 

RESTORATIVE GARDENS: TOE HEALING 
landscape, Nancy Gcrlach-Spriggs, 
Richard Enoch Kaufman and Sam Bass 
Warner, Jr. Yale University Press, New 
Haven, 1998 ($40). 

The Idea of a garden as an adjunct to 
high-tech medicine in the treatment of pa¬ 
tients is not widely entertained, but the 
three authors argue that it should be. 
“Whatever the precise design, a restorative 


garden is a healing landscape,” they say. 
“It can sometimes be soothing in its sensi¬ 
tivity or stimulating in its exuberance, but 
at either extreme it is intended to engage 
the viewer in an act of invigoration.” Ger- 
lach-Spriggs is a landscape designer, Kauf¬ 
man a physician and Warner a professor of 
urban studies. They combine their interests 
to describe, with numerous supporting 
photographs and drawings, six gardens of 
the kind they have in mind: at the Howard 
A. Rusk Institute of Rehabilitation 
Medicine in New York City, Queen of 
Peace Residence in Queens Village, N.Y., 
the Hospice at the Texas Medical Center 
In Houston, Friends Hospital in Philadel¬ 
phia, Wausau Hospital in Wausau, Wis., 
and Community Hospital of the Monterey 
Peninsula in Monterey, Calif. At each 
place, the authors found that the garden’s 
effects touched staff as well as patients, re¬ 
sulting in “an emphasis on individualized, 
meticulous, intimate caring for the pa¬ 
tient.” A restorative garden in a health 
care setting, the authors say, provides a 
“touch of grace [that] goes remarkably far 
in restoring personhood to patienthood.” 



LOUIS PASTEUR. Patrice Debre. Translat¬ 
ed by Elborg Forster. Johns Hopkins Uni¬ 
versity Press, Baltimore, 1998 ($39.95). 

Trained in physics and chemistry, begin¬ 
ning his career as a teacher of those subjects 
and a researcher in crystallography, Pasteur 
(1822—1895) as a young man would not 
have seemed likely to make an internation¬ 
al reputation in medical research. But he 
did. and Debre in this fine biography traces 
the steps in the transition and illuminates 
Pasteur’s many achievements in the field. 
Debre sees Pasteur’s paper of 1857 on lac¬ 
tic fermentation as “the birth certificate of 
microbiology” and his later work on vac¬ 
cines as “the birth of a new discipline,” 
namely, immunology. “The Pasteurian rev¬ 
olution,” Debre writes, “created a dose 
link between theory and practice. It became 
clear that medicine could no longer do 
without science and that hospitals must no 
longer be mere hospices.” EE 
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eologic time is a more force- 
fy§T fu) figure of speech for slow 
change than is any talk of 
molasses. The students of strata work 
in million-year steps; that choice is apt 
for the rise and weathering away of 
rock features. Hot fluid rock, or mag¬ 
ma, is always transient. But the most 
abundant single mineral held in die first 
couple of miles below sea level is nim¬ 
ble water. Floods are water in rapid 
motion; even icy glaciers, compacted of 
solid crystals of water never far below 
their melting point, come and go at a 
geologically dizzying pace, nor do 
placid lakes share the longevity of the 
hills around them. 

If in years geologists are comfortable 
millionaires— even billionaires—histori - 
ans are impoverished. They and we treat 
mere centuries as the round unit for sub¬ 
stantial changes in human life. Marine 
turtles could store in their genes the 
widening Atlantic for 100 megayears, 
but our ancestors reached the New 
World in a few dozen millennia, learn¬ 
ing to move across wide shallows as the 
glaciers stood mountain high. If you 
probe human affairs before recorded 
history—no inscriptions are older than 
the dawn of writing, about 3500 B.C.— 
you will reckon in millennia. 

We recall w T ith pleasure the thrilling 
view of sea and sky we saw from the 
stony summit of the Rock of Gibraltar 
20 years ago, Columbia University ge¬ 
ologist Bill Ryan pointed out how 
strange that seascape must once have 
been: the great Atlantic to our right 
was long ago higher by thousands of 
feet than the Mediterranean Sea to our 
left. Minor shifting of the continents 
had shut the narrow, old sea valve at 
the Straits of Gibraltar, to turn the 
Mediterranean Sea into a grand lake 
that slowly evaporated into a low salt 
desert dotted with temporary lakes, 
wherein the present islands long stood 



WONDERS 

by Philip and Phylis Morrison 

Noah’s Flood? 


as mountainous plateaus. One day 
around five million years ago, after 
slowly growing leakage, the invincible 
ocean finally burst though the rock bar¬ 
rier in a howling cataract like thou¬ 
sands of Niagaras, and the entire desert 
basin went brimful with seawater with¬ 
in a century or two. The huge conti¬ 
nents still shoulder and shift, and it is by 
no means unlikely that Gibraltar will 
shut again one of these millions of 
years, to bring back that vast, dry basin. 

No articulate witness was present; 
our watchful species is simply too 


young. We must rely on the inferences 
of geologists, their evidence largely 
drawn from analysis of rock cores made 
on the drill ship sent to sample the 
seafloor miles down. At each of many 
well-chosen points, hundreds of feet of 
drilled cores allow detailed field study 
inaccessible to the geologists of earlier 
times, who paced out their strata ham¬ 
mer in hand* Diverse confirmations 
have by now placed the slow desert¬ 
ification and the cataclysmic refilling of 
the Mediterranean within the accepted 
chronicles of rock and water 
The Black Sea is one of a string of wide 
basins from Atlantic to Caspian. Its sea 
valve, the Bosporus, is analogous to 
Gibraltar. In 1961 the research vessel 


Chain, an ex-ocean mg out of Woods 
Hole, Mass., made its echo-recording 
way out into the Black Sea itself, closely 
shadowed by a wary Soviet destroyer It 
dragged a new sparker, which every few 
seconds emitted an undersea sound pulse 
with the kick of a small hand grenade* 
Those echoes from far below the sea bot¬ 
tom disclosed bedrock deeply incised by 
the underwater river that still flows into 
the Black Sea* The cleft was carved out 
well into the bottom proper when it was 
open to the air The sediments that over 
time have filled that cut contain a chaotic 
mixture of boulders, cobbles, 
sand and shells. Once a tor¬ 
rent had flowed in from the 
west; the rock floor for miles 
within the Black Sea was not 
merely eroded but also ripped 
and jumbled into pools and 
caverns* (The seafloor past Gibraltar 
shows that same appearance*) 

Five years ago new precision dating of 
the crucial cores taken at the entry to the 
Black Sea was made* Carbon prepared 
from the tiny shells of marine mollusks in 
those cores gives a sharp and single date 
for many samples, close to 5650 B.C. 
These saltwater creatures were the first 
new immigrants into a freshwater fauna 
of long duration* The old glacial lake had 
turned into a brimming salt sea, a catas¬ 
trophe supported by flow calculations. 
The Black Sea, refilled by a terrifying 
oceanic inflow, returned to brine within 
one human lifetime. The flooding of the 
Mediterranean is not unique; these two 
Continued on page 87 


No moral reason is made clear- 
far the destruction, 
and no rainbow covenanted. 
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CONNECTIONS 

by James Burke 



A Light Little Number 


I poured myself a glass of delicious 
Bordeaux recently before settling 
down to watch one of the more 
spectacular things you can see on the 
box these days* As I idly sipped, my eye 
fell on the number on the bottle label. 
A pleasant little vintage—not too big. 
The percentage alcohol by volume 
number was only 11. 

Meanwhile the shutde was lifting off, 
and 1 was, as ever; glued to my seat. Fin 
amazed by everything to do with the 
shuttle, but in particular the delicate way 
the pitot gets to position the 78 “ton vehi¬ 
cle to within a half-degree so he can do 
orbital delivery runs or pickups if re¬ 
quired. This is accomplished with the 
aid of 44 tiny jets all round the space¬ 
ship, some of which can produce as little 
as 24 pounds of thrust, thanks to more- 
bang-for-your-buck hypergolic fuel, one 
part of which is stuff called hydrazine. 

Apart from these celestial uses, hy¬ 
drazine features in more down-to-earth 
forms such as pharmaceuticals, photog¬ 
raphy, plastics and rust control in hot- 
water systems. And something related to 
my glass of red: hydrazine is also a fungi¬ 
cide, the first of which a ppeared in Bor¬ 
deaux, suicide capital of die world 
around the 1880s. If, that is, you had 
been a wine maker and suddenly weren't, 
thanks to the devastating effects of 
downy mildew. This killer fungus arrived 
on vinestock brought from America to 
replace the vines earlier destroyed by 
Phylloxera, which itself came on Ameri¬ 
can stock brought in to fix an earlier 
plague. When the mildew first attacked 
in 1878, it was j ump-out-the-window 
time for anybody left in the business. 

Until 1882, when Pierrc-Marie-Alexis 
Millardet of Bordeaux University came 
up with a fungicide mix of lime, copper 
sulfate and water, and their troubles 
were over. Millardet learned all he knew 
from Heinrich Anton de Bary, his teach¬ 
er at Strasbourg University, who goes in 


the history books under “Father of 
Mushrooms” (read “mycology”). Up 
rill then, people thought fungi were 
products of the plant they grew on. De 
Bary showed they were symbiotes (he 
coined the word). So, as you spray to¬ 
day, you know who to thank. 

De Bary himself had started in med¬ 
icine, in Berlin, under the great physiol¬ 
ogist Johannes Muller (author of the 
classic Handbook of Physiology, from 
1840). This was the guy who finally 
knocked on the head the old natural 
philosophy speculative guff that perme¬ 
ated medicine at the time and that in¬ 
volved everything from supernatural 
cures to animal magnetism and negative 
forces. Muller had his own bouts with 
the negative, at one point becoming so 
suicidaliy depressed he went to Ostend. 

In 1847, while he was a dean at Berlin, 
Muller appointed one of his brighter stu¬ 
dents, Rudolf Virchow, to the post of in¬ 
structor. A year later everything hit the 

These were great days 
for noodlers. 

fan in Germany with the revolution of 
1848, and Virchow was fighting on the 
barricades. Social issues then informed 
all of Virchow's work, fundamental to 
which was his discovery of the basic 
function of the cell. Virchow saw the 
body as being like a democratic society, a 
free state of equal individuals, a federa¬ 
tion of cells. And all disease was nothing 
more than a change in the condition of 
the cells. These egalitarian views led him 
to help found the German Progressive 
Party in 1861 and four years later to pro¬ 
voke none other than chancellor-to-be 
Bismarck to challenge him to a duel. For¬ 
tunately for Virchow, nothing came of it, 
and Virchow went on to become so har¬ 
rumph he was eventually known as the 
“Pope of German Medicine.” 



During a short teaching break at 
Wurzburg, Virchow taught Victor Hen- 
sen, who made his mark in studies of the 
hearing organs in grasshoppers’ forelegs 
and in the identification of a couple of 
bits of the human cochlea. For 115 days 
in 1889, Hensen sailed all over the At¬ 
lantic in search of another of his obses¬ 
sions—plankton. For which task he had 
designed a special net made of uniformly 
woven silk, normally used by millers to 
separate different grades of flour. Hen- 
sen’s target was invisible, minute and ev¬ 
erywhere—well, anywhere there were 
nutrients. When plankton ate up these 
nutrients, the organisms would die and 
sift down to the bottom of the ocean, 
where over a zillion years their shells 
would form sedimentary rocks. 

By the early 20th century these rocks 
were being ground up into a fine pow¬ 
der called kieselguhr. One use for which 
was as most of the stick in a stick of dy¬ 
namite, kieselguhr being uniquely inert 
(a valuable property when being used to 
blot up nitroglycerine). Another use was 
more mundane. When tiny amounts of 
nickel were deposited onto kieselguhr, 
the nickel acted as a catalyst to encour¬ 
age hydrogen molecules to combine 
with oil molecules and make oil hard 
enough at room temperature to spread 
(when the oil was palm oil and part of 
margarine, that is), 

Fve mentioned the 1869 inventor of 
margarine before. Frenchman called 
Mege-Mouries, who also patented an 
idea for effervescent tablets and (in 1845) 
a use of egg yolks in tanning leather. 
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These were great days for noodlers, 
Mege-Mouries's margarine work (worth 
a Legion d’Honneur medal) was suggest¬ 
ed by France's Great Man of Chemistry, 
Miehel-Eugene ChevreuI, who wrote the 
hook on fats during his nearly 90 years at 
the Paris Museum of Natural History. 
ChevreuI discovered and analyzed every 
fatty acid, named them all and turned the 
haphazard business ol the soap boiler 
into an exact science. Widi what Chev- 
reul was able to tell them, manufacturers 
could now make soap cheaper and bet¬ 
ter. I lls fatty knowledge also made possi¬ 
ble brighter candles. Small wonder that 
when the man who thus made the world 
clean and light turned 100, the entire 
country took the day off. 

One of the products needed for soap 
was alkali, and when ChevreuI began his 
work, this was still provided from wood 
ash. Because most of the French forests 
had gone down to the axes of the naval 
shipbuilders, alternative sources were be¬ 
ing avidly sought by both the French and 
English. One such possibility turned out 
to lie along the rocky coasts of Brittany 
and western Scotland. It was kelp. Turn¬ 
ing it into ash was simple and profitable. 
Your peasants raked it off the rocks and 
burned it in a pit with stones pressed on 
it so that it became a large, hard cake, 
which could be ground up for later use. 
In Scotland the kelp-ash replacement 
financed many a new pseudo-Gothic cas¬ 
tle for the owners of the previously value¬ 
less rocky beaches. 

In 1811 France, the ash went into the 
niter beds of Bernard Comtois, gunpow¬ 
der manufacturer and accidental discov¬ 
erer of a new element. That year Cour- 
tois leached the ash with water, ready to 
evaporate the salts he needed. When he 
added an overgenerous amount of sul¬ 
furic acid (to get rid of the unwanted 
sulfur compounds), he was engulfed in 
violet fumes from the vat. Two years 
later the stuff had been analyzed by one 
of France’s foremost analyzers and giv¬ 
en a name, after the Greek for Its color: 
iodine. 

The analyst, Joseph-Louis Gay-Lussac, 
did the contemporary equivalent of what 
was going on at the start of this column. 
He went up to a record height (in a bal¬ 
loon) to do science. It was also Gay-Lus¬ 
sac who told me my launch-watching 
wine would be light. That alcohol-by¬ 
volume figure on the label (remember?) is 
known as the Ga y-Lussac nu m ben S3 


Wonders, continued from page 85 
events are similar, though not identical. 
Their most dramatic difference is the hu¬ 
man context. Plenty of settlements sur¬ 
rounded the shrunken Black Sea when 
the ocean waters suddenly returned. 

As for human witness, several records 
of deluge myth go back 1,000 years be¬ 
fore the Aramaic cuneiform manuscript 
of 900 B.C from which the Genesis text 
itself comes. The oldest known version 
of many is presented here in an account 
of what we surmise the storyteller's per¬ 
formance might have been like. Outside 
the walls of old Babylon on a starry 
night, the famous bard sang and struck 
his 11 -string lyre. His hero is Atrahasis, 
the language Akkadian. Atrahasis is di¬ 
vinely told to build a boat, load his fam¬ 
ily, save living things but take no posses¬ 
sions: Lord Ellil has found humans too 
numerous and loud, but Lord Enki 
seeks to warn them in secret. No moral 
reason is made clear for the destruction, 
and no rainbow covenanted, but land 
birds arc released at last, to find a dry 
resting place. 

It becomes clear how much the expe¬ 
rience of ancient witnesses depended on 
their location. At the eastern end of the 
Black Sea there was an inexorable ris¬ 
ing of the waters by a foot or so daily, 
slowly turning salt. Eight hundred miles 
westward, near the Bosporus, the peo¬ 
ple heard and saw gigantic spray rise 
over an unearthly cataract; some even 
fled before the awesome rush of waters. 
The north shore of the Black Sea would 
send its children far-flung into the long 
spread of farming across Europe. But 
many southern shore refugees would 
come finally to the land between the 
rivers and tell of the boat that had saved 
them. Is this a real flood, no mere rising 
river but the rebirth of a whole sea, the 
shared experience behind the deluge tales 
of Mesopotamia ? 

Bill Ryan and his colleague Walter Pit¬ 
man have made a book of all this— 
Noah’s Flood —as engaging as it is im¬ 
portant. They make personal the “big 
science” of contemporary field geology 
with its powerful drill ships and expedi¬ 
tions, one in a Bulgarian minisub. The 
exciting story, full of surprises, rivalries 
and partnerships, opens as well the 
modem understanding of oral tradition. 
Its readers will share our pleasure in this 
narrative of old and new. Could story¬ 
tellers span 3,000 unlettered years? & 
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GIANT CRAWLER CRANES 


WORKING KNOWLEDGE 


by Howard L Shapiro, Jay P. Shapiro and Lawrence K. Shapiro 
Howard L Shapiro & Associates , Consulting Engineers 

G iant crawler cranes dramatically demonstrate the principles of classical 
mechanics. These powerful machines are essentially fulcrums that counter¬ 
balance the outstretched boom and the lifted load with massive machin¬ 
ery, a heavy chassis and counterweights. 

Since their introduction around the 1920s, crawler cranes—the name refers to 
their caterpillar treads—have improved continually. The newest generation 
uses very high strength steel to reduce boom weight, remote sensing devices 
and microprocessors to thwart overloading, and high-pressure hydrostat¬ 
ic drives to achieve precise motion control. Such technology notwith¬ 
standing, today’s giant crawler cranes work essentially the same way 
that their ancestors did, by exploiting the rules of equilibrium and 
mechanical advantage. 

Safe crane operation requires careful adherence to engineered 
guidelines made complicated by the shifting of the overall 
center of mass of the equipment because of factors such as 
the length and position of the boom, counterweights and 
accessories in use, and the lifted load. In addition, the 
wind is often an important consideration. 


STABILIZING 

MOMENT 


BOOM LOWERED for assembly or disassembly is the 
condition that typically imposes the upper limit on 
boom length. Note that the boom's center of mass 
[green) is at its farthest horizontal distance from the ful¬ 
crum (red). Counterweights (brown) can be added, but 
the amount is constrained by the risk of the crane tip¬ 
ping backward when the boom is raised to its highest. 


TYPICAL CRANE OPERATION re¬ 
quires the weight of the lifted 
load (orange) and that of the 
boom (green) to be stabilized 
by the weight of the body of 
the machine (black). The ful¬ 
crum is located near the center 
of the track below the boom 
(red ). Sta b i I izi n g mo ments 
must be greater than overturn¬ 
ing moments. (A moment is a 
force or weight multiplied by 
the applicable distance from 
the fulcrum.) The wind (blue), 
which can topple the crane for¬ 
ward, must also be considered. 


RAISED BOOM with¬ 
out any load can re¬ 
sult in the crane tip¬ 
ping over backward 
from a head-on wind. 
For this condition the 
fulcrum is at the rear 
of the crane (red) f 
and the effect of the 
wind moment (blue) 
is greatest at the 
highest boom angle 
(about 82 degrees 
from the horizontal). 
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Look into space. 

If you are among the millions of people fascinated by space, 
we have the magazine for you! 

The next issue of SCIENTIFIC AMERICAN PRESENTS, a quarterly 
publication brought to you by the experts at Scientific American, focuses 
on the future of space exploration with the depth and insightful reporting 

that only Scientific American can provide. 

Join us as we take a detailed look at spacecraft, telescopes, the Mars 
Pathfinder Mission, the International Space Station, the debate about 
human and robotic exploration and more. 
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